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Abstract: 
 
Decades of research and industrial use have solidified carbon as one of the most versatile 
materials available.  In the environmental arena, carbon is used as an adsorbent for air and water 
applications.  Recent studies, however, highlight its use as a catalyst support or direct catalyst. 
Exploiting this versatility may allow carbon to function simultaneously as a catalyst, adsorbent, 
and/or catalyst support, making carbon an ideal candidate for multi-pollutant control 
applications.  A single, simple, and possibly regenerable control device that can be used to 
prevent the emissions of several harmful contaminants would revolutionize the fields of air or 
water pollution control, helping to directly improve public health and protect the environment. 
In the studies completed herein, the versatility of carbon, in terms of preparation and 
potential applications, was investigated.  Catalytic carbons were prepared via ultrasonic spray 
pyrolysis and potential applications for these materials were proposed.  Next, activated carbons 
were tested as catalysts for NO oxidation and adsorbents for toxic industrial chemicals, including 
HCN.  The research culminates by investigating the potential for carbon to be used to 
simultaneously control NO and mercury (Hg) or polychlorinated dibenzo-p-dioxins and -furans 
(PCDD/F), taking advantage of carbon’s adsorptive and catalytic properties. 
A simple, one-step technique based on ultrasonic spray pyrolysis was developed to 
prepare potentially catalytic carbons in a simpler and potentially more sustainable process.  This 
one-step technique minimizes the number of heating steps and manual effort compared to the 
traditional methods for preparing iron-impregnated porous carbon materials.  Work was done not 
only to investigate the role of processing parameters on the physical and chemical properties of 
the resulting materials, but also to investigate potential environmental applications for these 
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impregnated carbons.  Proposed applications include liquid phase reduction of chromium VI or 
gas phase heterogeneous catalysis.  To expand the application potential of the USP technique, 
one-step preparation and impregnation of porous carbons with copper, zinc, cobalt, and nickel – 
all of which have been described as meaningful environmental catalysts in the literature – were 
also described. 
Activated carbon fiber cloth was investigated as a catalyst for the oxidation of NO to NO2 
in the presence of oxygen.  This work specifically shows the continuous addition of oxygen to 
the surface of the activated carbon catalysts through the use of NO oxidation cycle experiments.  
These oxygen groups acidify the carbon catalyst, which decreases the time required to achieve 
steady-state conditions.  Furthermore, it is shown that changes to the surface chemistry of the 
carbon during NO oxidation have little impact on the physical properties of the catalyst, allowing 
the carbon to maintain its steady-state conversion efficiency during subsequent reaction cycles.  
This work highlights the preferred properties of NO oxidation carbon catalysts, allowing them to 
be prepared directly in the laboratory and function at peak performance immediately. 
The physical, chemical, and adsorptive properties of a commercially available activated 
carbon nanofiber (ACnF) were quantified and described.  Chemical characterizations indicate 
that this novel carbon material contains significant amounts of surface nitrogen groups, adding 
basicity to the material.  Physical analyses, however, show a completely microporous structure 
that includes extremely narrow micropores.  Adsorption testing indicates that this material can be 
an effective adsorbent for acidic or acid producing gases, including HCN and SO2.  The small 
diameters of the individual nanofibers and the narrow micropores within the fibers allow the 
ACnF to have improved adsorption kinetics compared to commercially available activated 
carbon fibers and carbon granules. 
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Having gained a thorough background for the catalytic and adsorptive properties of 
activated carbons, select materials were tested for their ability to simultaneously control high 
concentration NO (through catalytic oxidation to NO2) and low concentration trace 
contaminants, including Hg and PCDD/F.  Preliminary data describes the ability of carbons to 
individually control Hg (through physical and/or chemical adsorption) and PCDD/F (through 
physical adsorption and destruction).  Subsequent testing highlights carbon’s ability to 
simultaneously oxidize NO to NO2 while controlling the release of these trace contaminants.  
This research is intended to support and springboard additional multi-pollutant control studies for 
novel activated carbons. 
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Chapter 1:  Introduction to Porous Carbon Materials for Air Pollution Control 
 
Abstract: 
 
Decades of research, industrial, and home use have solidified carbon as one of the most 
versatile materials.  Carbon is available in many physical forms including fibers, tubes, sheets, 
powders, beads, monoliths, and granules, implying that it can be used in nearly any shape or size 
reactor.  It is resistant to acidic and basic conditions, can have tailored physical and chemical 
properties, is thermally stable, is non-toxic, and is inexpensive.  While carbon materials have the 
potential to burn in the presence of oxygen and can contain problematic impurities, applications 
for carbon continue to expand.  A small subset of these uses includes adsorption applications, 
drug delivery, catalysis (both direct and indirect), medical applications, gas separation, and gas 
storage.  Millions of homes take advantage of carbon in drinking water purification filters, while 
others use activated charcoal to clean their fish tanks or prevent odors from escaping their cat’s 
litter box.  Carbon is the dominant material for preventing mercury emissions from coal-fired 
power plants, and can also be used for cleaning up oil spills and purifying industrial gas streams 
of organic contaminants.  Current research continues to develop exciting new carbons with 
completely different application sets, most recently carbon nanotubes and single layer graphite, 
or graphene.  The discovers of each of these materials earned Nobel Prizes, highlighting the 
excitement and importance of continued carbon development – a unique perspective for such an 
established field that has been thoroughly investigated over the past century.  In the 
environmental arena, carbon has traditionally been used as an adsorbent for air and water 
applications.  Recent studies, however, are beginning to highlight its use as a catalyst support or 
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direct catalyst.  Exploiting this versatility may allow carbon to function simultaneously as a 
catalyst, adsorbent, and/or catalyst support, making carbon an ideal candidate for multi-pollutant 
control applications. 
 This introduction is intended to provide the basis for the studies contained herein.  Since 
this dissertation focuses on novel carbon preparation methods, characterization, and applications, 
traditional preparation methods and commercial applications are described here to clearly define 
the current status of carbon knowledge.  Such discussions provide the background that is 
necessary to understand the novelty and importance of this contribution. 
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1.1 Activated Carbon Preparation 
 
1.1.1 Traditional Preparation Techniques 
 
Carbon materials can be prepared by pyrolysis of organic precursors including coal and 
biomass, as described below.  Carbon activation introduces pores or increases the existing 
porosity of the carbon, making the material more accessible to gases, liquids, or ions.  The 
presence of pores in activated carbon allows its use in an assortment of applications including air 
pollution control, water purification, selective gas separation and purification, gas storage, 
catalysis (both as a catalyst and as a catalyst support), drug overdose treatment, drug delivery, 
and electronics [1].  Porous materials, including activated carbon, are classified by the 
International Union of Pure and Applied Chemists (IUPAC) as microporous (pore width < 2 
nm), mesoporous (2 nm < pore width < 50 nm), or macroporous (pore width > 50 nm) [2]. 
Activated carbon production requires an organic starting material that may need to be 
pyrolyzed to isolate its carbon component as a char.  Precursor pyrolysis takes place at moderate 
to high temperatures (200 – 900 oC) in anoxic conditions and is intended to emit reactive leaving 
groups from the precursor (e.g., H2O) [3-5].  This pyrolysis, however, does not generally result 
in a carbon (or char) with sufficient porosity or surface area.  Pyrolysis is used as a means of 
isolating the more refractory carbon from its more volatile content, not as a means of adding 
porosity to the carbon.  The char may also be contaminated with any number of impurities that 
could not be driven off during pyrolysis.  Depending on the precursor, trace metals, oxygen, and 
nitrogen may remain in the char as ash.  These impurities can impact the application potential of 
the carbon as they may alter the properties of the desired material.  For example, if the carbon is 
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used in catalytic applications, trace metals present in the catalyst can cause unwanted side 
reactions, decreasing selectivity [6].  Increased ash content also leads to decreased surface area 
since the inorganic material does not develop pores during activation [7]. 
Today, the primary carbon precursors are coal and biomass due to their low cost and 
ready availability.  Other effective starting materials include synthesized polymers and rubber 
tires [8-10].  Adding pores to the carbon structure increases the total carbon surface area and 
pore volume, helping to improve the adsorption capacity and the application potential of the 
carbon.  Once the refractory carbon is isolated via pyrolysis, physical activation or chemical 
activation is used to add porosity to the material. 
Physical activation is a two-step process in which carbon is first isolated from an organic 
precursor via pyrolysis and the resulting char is then activated by decomposing and selectively 
removing reactive carbon sites with an oxidizing gas at increased temperatures.  Physical 
activation uses steam or CO2 to provide a moderately oxidizing atmosphere in which carbon can 
partially gasify between 700 
o
C and 1100 
o
C [5].  Pure oxygen is typically not used for physical 
activation because, at high temperatures, it would completely combust the carbon, resulting in 
isolation of only the existing ash.  Since only weak oxidizers are used, the gases preferentially 
react with the most reactive carbon sites.  Increasing the amount of carbon removed during 
activation (via more time, higher oxidant concentrations, and/or higher temperatures) will 
generally increase the amount of surface area and total pore volume of the resulting material 
[11].  Activation heating rates have a strong effect on the physical properties and chemical 
composition of the carbon as higher heating rates can lead to additional CO/CO2 evolution from 
the carbon material [12-13].  The smaller van der Waals’ radius of H2O compared to CO2 (0.38 
nm vs. 0.48 nm) and its increased reactivity compared to CO2 allows H2O to diffuse into the 
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carbon matrix quicker and react faster than CO2 [14].  For the same amount of activation time, 
steam activation, therefore, creates higher total pore volumes and microporosities than CO2 
activation [15].  Those carbons activated by steam, however, tend to have a broad distribution of 
micropores.  Because the small water molecules penetrate deeply into the carbon matrix, they 
decompose existing microporosity rather than develop new microporosity through reactions with 
the carbon’s surface, thereby widening the micropore size distribution [15].  Physical activation 
successfully opens the pores of a carbon char but requires high temperatures and therefore 
additional expenses to produce activated carbons.  That being said, physical activation is a 
preferred technique because it is straightforward and does not require any additional harmful 
chemicals.  Instead, at the industrial scale, physical activation can often be completed with steam 
or CO2 that is produced or available on site.  In general, physical activation increases the mass 
fraction of ash because the oxidizing gases only react with active carbon sites [7]. 
Chemical activation is typically a one-step process where the carbon precursor is mixed 
with a caustic chemical agent, or activator, and the mixture is pyrolyzed to produce a porous 
carbon.  This is different than physical activation because pyrolysis of the precursor (described 
above) occurs simultaneously with activation.  The activator reacts with and decomposes pore-
blocking tars as they form, allowing the carbon to develop porosity.  The activator and the tar 
reaction by-products are removed from the carbon pores by washing the mixture after activation 
[15].  Chemical activation requires lower temperatures than physical activation because of the 
presence of highly reactive, caustic chemicals.  Temperatures between 450 
o
C and 900 
o
C are 
typical [16].  Four of the most common chemicals used for chemical activation of carbon are 
phosphoric acid (H3PO4), potassium hydroxide (KOH), sodium hydroxide (NaOH), and zinc 
chloride (ZnCl2).   
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Carbons that are activated chemically tend to have higher surface areas than carbons that 
are activated physically, as chemical activation leads to increased removal of active carbon sites 
and increased pore formation [17].  Disadvantages of chemical activation include the increased 
cost of chemicals used for the process and difficulties removing the activator from the carbon 
product after activation is complete, which requires excess time and water.  A significant amount 
of chemical activation agent is required to activate the carbon (e.g., 3:1 stoichiometric ratio when 
using strong bases).  While the activation process can decompose select ash components, the 
difficulty in completely removing the activator negates any benefits of ash destruction.   
 
1.1.2 Emerging Activated Carbon Preparation Techniques 
 
The past decade included the continued investigation of novel carbon preparation 
strategies and precursor materials.  In general, researchers strive to develop techniques that 
produce carbon materials with enhanced or new properties that facilitate their use in defined 
applications.   
Carbon and carbon-based nanomaterials, as well as carbons with unique porous 
properties, have garnered significant research interest and resulted in the discoveries of carbon 
nanotubes and graphene.  Other techniques for preparing porous carbons that continue to grow in 
popularity include electro-spinning, zeolite or molecular sieve templating (“carbon molecular 
sieves” or “carbogenic molecular sieves”), and spray pyrolysis [18-20].   
Additional work continues to investigate novel activated carbon precursor materials. 
Much of this work focuses on investigating renewable organic materials or waste products that 
can be reused as activated carbon sources [8-13].  Other studies investigate high carbon content 
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synthetic precursors (polymers) that can provide uniquely shaped carbon materials, and 
polyacrylonitrile (PAN) has emerged as a commercially viable starting material for preparing 
carbon fibers [21]. 
 
1.2 Environmental Applications for Activated Carbon 
 
 An overview of the relevant environmental applications for activated carbon is presented 
below.  Figure 1-1 is intended to provide a schematic description as well as a condensed list of 
some of the more common environmental applications for activated carbons.
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Figure 1-1.  Environmental applications for activated carbon materials, especially intended to highlight the diverse range of 
applications for carbon.
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1.2.1 Activated Carbon as an Adsorbent 
 
1.2.1.1 Physical Adsorption 
 
Physical adsorption of gases onto activated carbon is characterized by the concentration 
of gaseous contaminants onto the carbon surface and can be distinguished from other adsorption 
processes (namely chemical adsorption) by low heats of adsorption (20 – 70 kJ/mol adsorbate) 
[22].  Porosity in the carbon can drastically increase the amount of physical adsorption since the 
pores (specifically the micropores) have more energy than a smooth surface due to overlapping 
of the potential fields of neighboring pore walls [23].  This increased energy allows for a 
corresponding increase in the interaction energy of the gas or liquid molecule and therefore 
allows for vapor condensation at low relative pressures [24].  This is primarily due to increased 
van der Waals’ forces within the pores.  For low concentration gases, therefore, the amount of 
micropore volume accessible to gases limits the extent of physical adsorption (generally, higher 
micropore volumes lead to an increase in physical adsorption capacity).  Micropores are 
narrower than meso- and macropores, so they can more readily adsorb gases.  As more and more 
gas molecules are adsorbed in a pore, the molecules begin to interact with each other until, at 
higher relative pressures, liquid condensate forms.  It is important to note that for physical 
adsorption to occur in pores, the pores must be large enough for the gas molecules to enter and 
be removed from the gas stream.  For high concentration gases, mesopores may also be relevant 
for physical adsorption processes. 
Chemical bonds are not formed during physical adsorption, allowing for reversibility and 
a regenerable carbon adsorbent.  Physically adsorbed gases can often be removed from the 
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carbon by increasing the temperature or reducing the pressure of the system.  This is important 
for environmental applications because regenerability of the adsorbent increases its useful 
lifetime, decreasing overall costs. 
In the environmental arena, hazardous air pollutants (HAPs) and volatile organic 
compounds (VOCs) including methyl ethyl ketone (MEK), toluene, and butane have all been 
effectively removed from gas streams by physical adsorption with activated carbon materials 
[25].  Physical adsorption is also used in water filtration to remove odorous (including 
chlorinated species) or foul-tasting contaminants from drinking water.  In Chapter 4 of this 
dissertation, physical adsorption of acidic (HCN) and acid producing (SO2) gases by 
functionalized activated carbon materials is discussed. 
 
1.2.1.2 Chemical Adsorption 
 
Chemical adsorption processes are characterized by the formation of covalent bonds 
between the adsorbent and the adsorbate and can be distinguished (from physical adsorption 
processes) by higher heats of adsorption (20 – 400 kJ/mol adsorbate) [26]. Gases or liquids in 
contact with the carbon react with functional groups (or with the carbon itself when oxygen is the 
adsorbate) to form chemical bonds.  Therefore, unlike physical adsorption processes that depend 
on the carbon’s available pore volume, the number of accessible adsorption sites limits chemical 
adsorption.  When an active site forms a bond with an adsorbate molecule, it is deactivated (it 
cannot form multiple bonds), and the adsorption potential of the chemical adsorbent decreases 
[27].  Furthermore, because chemical adsorption requires reactions on the surface of the 
adsorbing material, adsorbates can only form a monolayer on the adsorbent – another key 
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difference between physical and chemical adsorption processes [27].  Increased surface area will 
only enhance chemical adsorption if there is a corresponding increase in the number of reactive 
sites accessible to the contaminant.  The carbon’s available surface area and its surface 
chemistry, therefore, control the extent of chemical adsorption that can occur.  By varying the 
chemistry of the surface (e.g., oxygen or sulfur content), the extent of chemical adsorption can 
change. 
Since chemical bond formation is essential for chemical adsorption to occur, the 
adsorption process is typically not reversible.  Increased temperatures and reduced pressures that 
do not degrade the adsorbent or adsorbate are often not sufficient to break the bonds formed via 
chemical adsorption.  This may increase the cost of adsorbents that operate via chemical 
adsorption, but it may also increase the adsorbents’ selectivity.  As such, chemical adsorption 
occurs more frequently in industrial applications as a technique for removing low concentration, 
trace contaminants from gas streams.  Environmental applications for chemical adsorption 
include mercury removal via surface functionalized activated carbons and adsorptive removal of 
chlorine [28-29].  Often, chemical adsorption progresses through intermediates added to the 
surface of the activated carbon that more readily form chemical bonds with the adsorbate species 
(e.g., sulfur for adsorbing mercury) [28].  Chapter 5 of this dissertation discusses the use of 
sulfur-impregnated carbon as an adsorbent for mercury.   
 
 
 
 
 
 12 
1.2.2 Activated Carbon as a Catalyst Support or Direct Catalyst 
 
1.2.2.1 Catalyst Support 
 
 Transition metals, precious metals, and metal oxide nanoparticles can display high 
catalytic activity for an assortment of applications.  Smaller size particles often exhibit enhanced 
chemical characteristics, including catalytic activity, magnetic properties, optical properties, 
electronic properties, and overall availability [30].  This is primarily due to the increase in 
surface to volume ratio that results from having the small diameter particles.  These particles, 
however, can be prone to aggregation, which decreases the surface to volume ratio, negating the 
improvements gained by using nano-scale particles.  Aggregation is prevalent when non-
anchored particles are exposed to increased temperatures.  Thermal diffusion causes particles to 
move towards each other and agglomerate, which is referred to as nanoparticle sintering.  To 
prevent aggregation, therefore, the particles are commonly dispersed and stabilized on a support 
material via van der Waals interactions between the nanoparticle and the support’s surface.  
Support materials should have high surface areas, allowing for increased amounts of 
impregnation, and common supports for metal nanoparticles include activated carbon and 
zeolites [31-32]. 
 Activated carbon is an effective catalyst support because it has high surface area, is 
resistant to acidic and basic conditions, and can be readily combusted to recover the catalyst 
[33].  Increased surface area increases the amount of catalyst that can be loaded onto the carbon, 
and improves the overall dispersion of the catalyst.  Resistance to extreme pH conditions allows 
the support to be used, without deterioration, in a wide range of environmentally relevant 
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conditions [33].  For catalytic applications, the cost of the impregnated metal typically exceeds 
the cost of the high surface area support, especially in the case of activated carbon.  Therefore, 
since carbon readily burns at high temperatures in the presence of oxygen, the expensive catalyst 
can be recovered as ash after use [33].   
Common techniques for adding catalysts to activated carbons include incipient wetness 
impregnation, excess solution impregnation, chemical vapor deposition (CVD), and ion 
exchange.  For incipient wetness and excess solution impregnation, the catalyst precursor is 
dissolved and the solution is poured over (and adsorbed to) the porous support.  For CVD, the 
metal or metal precursor is gasified (often through sublimation at high temperatures) and the gas 
phase impregnant is adsorbed by the support.  For ion exchange, the catalyst is preloaded with 
cations that, when exposed to the catalyst cations, will be removed and replaced by the catalyst.  
Described in Chapter 2 of this dissertation is an alternative technique for preparing carbon-
supported catalysts that utilizes ultrasonic spray pyrolysis (USP) to minimize the number of 
heating steps needed to prepare the materials. 
 Perhaps the most common application for carbon-supported catalysts is in direct 
methanol fuel cells, where carbon is often used as a support for platinum catalysts [34].  Other 
applications for carbon-supported catalysts include Fischer-Tropsch reactions, methane 
reforming, and hydrogenation reactions [35-37]. 
 
1.2.2.2 Direct Catalyst 
 
While still a relatively new field, activated carbon is being increasingly investigated as a 
direct catalyst for select applications.   In these applications, the carbon itself or functionalities 
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on the carbon act as catalysts for the desired reactions.  These materials do not rely on 
impregnation with metal or metal oxide nanoparticles, and can therefore be considered to be 
inexpensive and easy to prepare (similar to physical and chemical adsorbent materials).  Instead, 
the carbon itself or functional groups directly bound to the carbon are used as catalysts to 
improve the reaction rates of kinetically limited reactions.  For example, activated carbon’s 
micropores can function as high-energy microreactors, where reactions that are otherwise slow 
take place at a more rapid rate.  The narrow pores may adsorb and concentrate two reactants and 
force the thermodynamically spontaneous, but otherwise slow, reaction to take place.  The ability 
to concentrate reactants into narrow pores can cause reactions to proceed at a more rapid pace.  
In other applications, surface functional groups on carbon can act as the catalyst. 
As noted earlier, applications for carbon as a direct catalyst are increasing as the catalytic 
properties of porous carbons continue to become better understood.  Current research has 
investigated using carbon as a dehydrogenation catalyst as well as an oxidation catalyst [38].  In 
Chapter 3 of this dissertation, carbon-catalyzed NO oxidation is discussed in great detail by 
describing the impacts of carbon’s physical and chemical properties on the catalytic reaction.   
 
1.3 Research Goals and Importance 
 
The versatility of activated carbon is investigated in this dissertation.  Carbons are 
prepared or tailored to highlight and describe many of the ways that carbon is a meaningful 
material for air quality control applications.  Specifically, a novel USP technique is developed to 
prepare carbon supports for metal nanoparticles, carbons are investigated as NO oxidation 
catalysts, carbons are investigated as adsorbents for acid gases, and multiple contaminant control 
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is attempted where carbon functions simultaneously as an adsorbent and catalyst.  The specific 
goals of this research, which are unique contributions to the current state of knowledge about 
activated carbon adsorbents/catalysts related to air quality control, are as follows: 
 
• (Chapter 2) Describe and evaluate an alternative method for preparing metal nanoparticle 
impregnated porous carbons that show potential for use as adsorbents and/or 
heterogeneous catalysts in air quality control applications.  USP precursors are modified 
to provide a simple, single-step preparation technique for isolating carbon from an 
organic precursor, developing internal porosity in the carbon, impregnating with metal 
nanoparticles, and activating the nanoparticles.  Great effort is put towards identifying the 
production mechanism that makes this technique applicable. 
 
• (Chapter 3) Investigate the mechanism of NO oxidation catalyzed by microporous 
activated carbon fiber cloth.  Specifically, this contribution describes the development 
and impact of oxygen functionalities on the kinetics of the oxidation reactions, updating, 
rather drastically, the reaction mechanism that is currently described in the literature.  
 
• (Chapter 4) Novel, commercially available, activated carbon nanofibers produced by 
electrospinning are tested and described as adsorbents for acid gases, including HCN and 
SO2.  This work highlights the importance of surface properties in adsorption applications 
by exploiting a basic carbon for adsorbing acidic gases.  
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• (Chapter 5) Select carbons are tested as simultaneous adsorbents and catalysts for 
oxidizing high concentrations of NO to NO2 while simultaneously removing trace 
amounts of mercury or polychlorinated dibenzo-p-dioxins and dibenzofurans from a gas 
stream.  Tailored carbon materials with preferred physical and chemical properties for 
oxidizing NO and adsorbing mercury and dioxins/furans are prepared and tested. 
 
As air pollution control requirements become more and more stringent, there will be a 
growing demand for new carbon adsorbent and catalytic materials that can be tailored for 
specific applications.  This research provides several novel techniques and applications that 
specifically exploit the versatility of activated carbon, highlighting its potential as a catalyst 
support, direct catalyst, and/or adsorbent.  The results of this work contribute to the literature by 
not only describing individual control technologies and production strategies, but also 
introducing the concept of simultaneous control of multiple contaminants by utilizing the same 
carbon in multiple ways to control different pollutants.  
 
1.4 Research Flow Diagram 
 
 Figure 1-2 describes the research flow diagram for the work completed as part of this 
dissertation.  Overall, effort is placed on the development of tailored carbons to be used for 
specific air pollution control applications, including multiple contaminant control.  This is 
addressed by investigating novel production strategies to prepare unique carbon materials and by 
assessing the application potential of tailored carbons for specific adsorbent and/or catalytic 
applications. 
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Figure 1-2.  Research methods for this dissertation developed to exploit carbon’s versatility 
by investigating both novel preparation strategies and applications, including multi-
pollutant control. 
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Chapter 2:  Ultrasonic Spray Pyrolysis (USP) for Preparing Metal-Impregnated Porous 
Carbon Materials 
 
Abstract: 
 
Porous carbon microspheres impregnated with iron-based nanoparticles are prepared in a 
single step, continuous process using ultrasonic spray pyrolysis (USP).  Precursor solutions 
containing a carbon source (sucrose), an inorganic salt (sodium chloride or sodium nitrate), and 
an iron salt (iron chloride or iron nitrate) are ultrasonically aerosolized and pyrolyzed.  During 
pyrolysis, sucrose is dehydrated to carbon, and the metal salt is converted to crystalline or non-
crystalline iron species (magnetite or zero valent iron), depending on processing conditions.  The 
product’s porosity is generated from: (1) aromatization of carbon around an in situ inorganic salt 
template, (2) in situ gasification of isolated carbon, or (3) in situ chemical activation of the 
carbon precursor.  Porous carbon spheres (0.5 – 3 µm diameter) containing well-dispersed iron 
oxide nanoparticles (4 – 90 nm diameter), referred to here as Fe-C, are prepared.  Iron loadings 
between 1 and 35 wt % are achieved while maintaining well-dispersed Fe nanoparticles with as-
produced surface areas up to 800 m
2
/g.  Post-pyrolysis heat and hydrogen treatments increase the 
surface area of the materials while chemically reducing iron species.  USP Fe-C materials may 
have useful catalytic applications due to their potential for high-loading of well-dispersed metal 
nanoparticles.  Despite negligible surface Fe content, chromium reduction tests and gas-phase 
hydrogen treatments indicate that internal Fe sites are accessible for catalytic applications. 
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2.1   Introduction 
 
Nanosized particles exhibit different, often enhanced, magnetic, electronic, optical, and 
reactive properties compared to corresponding bulk materials, making them desirable for 
applications including catalysis, adsorption, ferrofluids, electronic sensing, medical applications, 
and drug delivery [1-7].  For many applications, transition metals provide a distinct advantage 
over precious metals because of their lower costs.  Interest in iron nanoparticles originates from 
iron’s magnetic properties, its ready availability and low cost, and its high reactivity, particularly 
in reducing atmospheres [1, 7-8].  Specific applications for iron nanoparticles include Fischer-
Tropsch catalysts, oxygen reduction catalysts in fuel cells, environmental adsorbents for CO or 
arsenic, and catalysts for CO oxidation or destruction of chlorinated hydrocarbons (including 
polychlorinated dibenzo-p-dioxins or dibenzofurans (PCDDs/PCDFs)) [2, 7, 9-13].   
Dispersing iron nanoparticles onto a support can enhance the iron’s available surface 
area, resulting from an increase in the metal’s surface to volume ratio.  Porous carbon can be an 
especially effective support because it provides high surface area, it is resistant to both acidic and 
basic conditions, its surface can be functionalized to provide controlled metal loading sites, its 
pore structure can be tailored for enhanced adsorption, it is stable at high temperatures in anoxic 
conditions, and it can be combusted to recover spent catalysts [14].  Disadvantages of carbon 
supports include combustion in the presence of oxygen (with increased temperatures) and a 
potential loss of selectivity from metal impurities in ash [14-15].  Metal-impregnated carbon 
materials are typically prepared in a multi-step process:  (1) carbonization of an organic 
precursor, (2) physical or chemical activation of the carbon-based char product, (3) catalyst 
impregnation (using excess solution, incipient wetness, ion exchange, or chemical vapor 
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deposition techniques), and (4) reduction or pyrolysis to decompose the catalyst precursor and 
form the desired metal nanoparticles (Figure 2-1) [16].  The process is usually non-continuous 
and can require substantial time and energy.  Each step requires heat, and the carbon activation 
stage requires supplemental reagents to develop porosity.  It is advantageous to simplify this 
process to allow continuous production of metal-impregnated, porous carbon materials. 
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Figure 2-1. Method for preparation of metal nanoparticle impregnated porous carbon materials via established production 
techniques.
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Aerosol techniques can provide simple, scalable, and continuous methods for porous 
carbon production [17-23].  USP has been used to directly prepare porous carbon spheres (0.5 – 
3 µm diameter) from a variety of organic salt precursors, including alkali metal 
chloro/dichloroacetates, substituted alkali benzoates, and mixtures of sucrose and alkali metal 
salts [24-26].  Meso- and macroporosity are developed using in situ templates and microporosity 
results from in situ carbon gasification.  The organic component of the USP precursor provides 
the carbon source, while the salt component acts as the in situ template to aid in porosity 
development.  As reactive leaving groups (e.g., CO, CO2, HCl, H2O) are removed from the 
precursor during pyrolysis, carbon atoms are isolated and allowed to network around the solid 
salt template.  The salt template is easily removed after collecting the pyrolysis products by 
dissolution in water.   
When first discovered, the USP technique provided a unique way of preparing porous 
carbon materials.  However, as adsorbents, the materials have not received widespread attention, 
possibly because of increased costs associated with the use of synthetic precursor materials 
compared to traditional activated carbon precursors (e.g., coal and biomass).  Instead, catalytic 
applications are being pursued to take advantage of the unique material properties and the 
inherent advantages of the preparation technique.  Bang et al. impregnated USP carbon with Pt-
Ru catalysts by incipient wetness to improve the activity of a direct methanol fuel cell anode 
[27].  In contrast, Liu and coworkers used USP to impregnate a commercial activated carbon 
with a catalyst precursor while simultaneously activating the catalyst [28].  Others have reported 
using USP as an impregnation technique for fuel cell catalysts [29]. 
A procedure for preparing highly porous carbon (> 400 m
2
/g) supports impregnated with 
metal nanoparticles in a continuous, single-step process has not yet been shown.  Progressing 
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towards the goal of a one-step, metal-impregnated porous carbon preparation, Yu et al. recently 
prepared FexOy@C spheres using a low temperature process where sucrose is catalytically 
dehydrated while iron oxide nanoparticles are dispersed within the carbon spheres [30].  This 
process, however, did not provide high internal porosity within the carbon spheres and resulted 
in a low surface area material (42 m
2
/g).  Post-production hydrogen treatment was used to 
partially gasify the carbon to add surface area (189 m
2
/g) and reduce iron oxides.  Their process 
was successful at isolating carbon from sucrose and dispersing the metal in the carbon product, 
but it does not allow for simultaneous porosity development during the sucrose carbonization 
and catalyst impregnation steps.  There are also several continuous techniques (many that utilize 
spray pyrolysis) for preparing carbon-encapsulated magnetic nanoparticles (CEMNs), but high 
surface areas and high iron loadings are not reported for materials prepared by these methods 
[31-35].   
In this work, a novel USP technique that allows for continuous production of high surface 
area (> 400 m
2
/g), porous carbon spheres (1 – 3 μm) impregnated with well-dispersed iron 
nanoparticles (abbreviated as Fe-C) is described.  This technique provides an alternative method 
for producing iron impregnated carbon materials in a simple and continuous process.  An organic 
precursor is carbonized, porosity is formed in situ, iron is dispersed within the carbon spheres, 
and metal nanoparticles are activated – all in a continuous flow synthesis with aerosol residence 
times on the order of seconds.  The main objectives of this research area are to describe the Fe-C 
preparation method, characterize the physical and chemical properties of the iron-loaded carbon 
products, and describe potential applications for the products. 
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2.2 Methods 
 
2.2.1 Precursor Preparation 
 
Sucrose (Sigma-Aldrich, 99.5%; EMD Chemicals, ACS grade), sodium chloride (Sigma-
Aldrich, 99%), sodium nitrate (Fisher, Certified ACS), anhydrous iron (III) chloride (Fisher, 
97%), and iron (III) nitrate nonahydrate (Sigma-Aldrich, 98+%) were used as purchased.  Two 
precursor solutions were prepared by dissolving sucrose, the inorganic salt (NaCl or NaNO3), 
and the iron salt (FeCl3 or Fe(NO3)3) in deionized water.  Unless otherwise noted, the chloride-
based precursor solution contained 0.6 M sucrose and 2.4 M NaCl, and the nitrate-based 
precursor contained 0.5 M sucrose and 1.0 M NaNO3.  FeCl3 concentrations in the chloride 
precursor solutions were varied from 0 to 0.39 M and Fe(NO3)3 concentrations in the nitrate 
precursor solutions were varied from 0 to 0.12 M.  Precursor solutions containing iron species 
were acidic (1 < pH < 3). 
Precursor solutions containing transition metals other than iron were prepared using 
sucrose and Co(NO3)2·6H2O + NaNO3, Ni(NO3)2·6H2O + NaNO3, Cu(CH3OO)2 + NaCl, or 
Zn(CH3OO)2 + NaCl.  All metal salts were ≥ 99% pure.  Sucrose and NaCl or sucrose and 
NaNO3 concentrations were consistent with the iron precursor solutions.   
 
2.2.2 USP Apparatus 
 
The USP system is described elsewhere [24], but described briefly here for clarity (Figure 
2-2).  The precursor solution was ultrasonically nebulized and the resulting aerosol was entrained 
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in an inert gas stream (Ar or N2) and carried into a preheated (500 – 900 °C) quartz tube reactor 
(L = 33 cm, ID = 30 mm) inserted inside an insulated tube furnace.  A horizontal furnace was 
used with chloride-based precursors and a vertical furnace was used with nitrate-based 
precursors.  Gas flow rate was controlled by a rotameter and was 1.67 x 10
-5
 m
3
/s (1 SLPM) 
unless otherwise noted; aerosol residence times in the tube reactor heating zone were < 7 
seconds.  Pyrolysis products were collected in deionized water bubblers.  The carbon-based 
products from chloride precursors were isolated by vacuum filtration and dried overnight in air at 
110 °C and ambient pressure before analysis.  The products from nitrate precursors were isolated 
by centrifugation (Fisher Model 225, < 5000 rpm), washed with at least four aliquots of 
deionized water/ethanol, and dried under vacuum at 60 °C overnight before analysis.  
 
 
Figure 2-2.  Schematic representation of Ultrasonic Spray Pyrolysis reactor for preparing 
Fe-C (modified from [24]).  
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2.2.3 Fe-C Heat and Hydrogen Treatments 
 
Fe-C was placed in a glass cell and purged with nitrogen at room temperature for > 1 h to 
remove weakly adsorbed water and organics before heating at 400 °C under nitrogen or 
hydrogen for 12 – 16 h.  After heating, the cell cooled to room temperature under a nitrogen flow 
and the Fe-C was removed from the cell for analysis.   
 
2.2.4 Fe-C Iron Leaching Experiments 
  
Fe-C prepared from chloride-based and nitrate-based precursors at 700 °C were tested for 
stability in acidic solutions.  25 mg of Fe-C was dispersed in 10 mL of 0.1 M NaCl solution and 
HCl was added to adjust the solution to pH = 2.  The vials were continuously agitated on a 
Barnstead/Thermadyne Labquake® Rotisserie.  After 48 h, the dispersions were filtered using a 
0.02 μm filter.  The acidic leaching solutions were analyzed by inductively couple plasma optical 
emission spectroscopy (ICP-OES). 
 
2.2.5 Material Characterization 
 
Surface morphology of the Fe-C products was observed using scanning electron 
microscopy (SEM, JEOL 7000F) at 15 kV.  SEM samples were prepared by dispersing Fe-C in 
ethanol, placing the dispersion on a silicon wafer, and evaporating the ethanol.  Samples were 
coated with 10 nm of AuPd prior to analysis to prevent surface charging.  Iron nanoparticle 
diameter was qualitatively determined using transmission electron microscopy (TEM, JEOL 
 31 
2100) at 200 kV.  TEM samples were prepared by dispersing Fe-C in ethanol, dipping a lacy 
formvar/carbon-copper grid into the dispersion, and drying the grid overnight before analysis. 
Crystalline iron species were identified with powder x-ray diffraction (XRD, Siemens-
Bruker D5000) using Cu-Kα radiation (  = 1.5415 Å) with a step size of 0.05° and a scan rate of 
0.4°/min.  The diffraction peaks were indexed using the ICDD database.  When appropriate, 
MDI Jade 9 software was used to calculate the crystallite size of the iron species using the 
Scherrer equation and the relative amounts of the iron species were determined by integrating 
under the diffraction peaks.   
N2 adsorption isotherms were measured at 77 K using a surface area analyzer 
(Quantachrome Nova 2200e).  Carbon samples were degassed under vacuum for 16 to 24 h at 
110 °C before analysis.  BET surface area was calculated from adsorption data in relative 
pressures from 0.05 < P/P0 < 0.2.  A single point (P/Po = 0.3) BET analyzer (Quantachrome, 
Monosorb) was also used to obtain N2 BET surface areas. 
Bulk elemental analysis was performed by the University of Illinois’ School of Chemical 
Sciences Microanalysis Laboratory.  CHN analysis was performed using a Model CE-440 CHN 
analyzer (Exeter Analytical, Inc.).  Bulk iron content of microwave digested Fe-C samples was 
determined using inductively coupled plasma mass spectroscopy (ICP-MS, Perkin Elmer – Sciex 
Elan DRCe).   
The surface composition of select Fe-C materials was analyzed with x-ray photoelectron 
spectroscopy (XPS, Kratos Axis Ultra).   
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2.2.6 Cr(VI) Solution Preparation and Reduction Experiments 
 
Select Fe-C samples were treated with a Cr(VI) solution to examine their potential for use 
in liquid phase reduction applications.  K2Cr2O7 (ACS grade) was dried at 180 °C under vacuum 
for 2 h.  A 34 μM Cr(VI) solution was prepared by dissolving dried K2Cr2O7 in deionized water.  
Dispersions of reduced Fe-C in 34 μM Cr(VI) solution (10:3 Fe:Cr molar ratio) were prepared in 
a glove box.  As a control, reduced USP carbon (no iron present, used same carbon mass as in 
Fe-C dispersions) was also dispersed in a 34 μM Cr(VI) solution.  The vials were continuously 
agitated on a Barnstead/Thermadyne Labquake® Rotisserie.  At timed intervals, dispersions 
were removed for analysis. 
Cr(VI) concentrations were determined using UV-Vis spectrometry (Varian Cary 50) 
following EPA method 7196a [36].  Cr(VI) sample solutions were extracted from the bulk 
dispersions and filtered with a 0.22 μm filter.  A 10 mL volume of the extracted Cr(VI) solution 
was mixed with 2 mL of a 0.02 M solution of 1,5-diphenylcarbazide in acetone and the pH was 
adjusted to 1 – 2 by addition of a 10% v/v sulfuric acid solution.  Cr(VI) calibration solutions 
were filtered and prepared using the same method. 
 
2.3 Results and Discussion 
 
2.3.1 Materials Characterization 
 
Fe-C prepared using USP have physical properties as summarized in Table 2-1 and are < 
3.0 μm in diameter (Figure 2-3).  TEM (Figure 2-4) shows that iron nanoparticles are dispersed 
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within the porous carbon support; diameters of the iron nanoparticles vary with the precursor 
composition and reactor temperature, and are observed by TEM to range from < 20 nm to 90 nm 
(Figures 2-4 and 2-5).  XPS indicates that no iron is present on the carbon surface.  A negligible 
amount of sodium in XPS data confirms that the washing procedure removes all surface salts.   
 
Table 2-1.  Production parameters, surface area, and impregnated iron characteristics of 
Fe-C materials prepared using chloride or nitrate-based precursors at select temperatures 
and a carrier gas flow rate of 1 SLPM.  
a
 mg Fe-C product collected per 50 mL precursor solution aerosolized 
b
 S.A. = surface area 
 
 
 
 
 
Fig. 
1 & 2 
Label 
Anion 
Temp. 
(°C) 
Precursor 
Iron Conc. 
(M) 
Production 
Rate              
(mg/50 mL)
 a
 
BET  
S.A.
b
 
(m
2
/g) 
Iron  
Form 
Iron 
Nanoparticle 
Diameter  
(nm) 
A Chloride 500 0.12 275 140 Amorphous --- 
B Chloride 600 0.12 240 320 Fe3O4 < 20 
C Chloride 700 0.12 210 560 Fe3O4 < 20 
D Chloride 800 0.12 110 800 Fe3O4 < 20 
E Nitrate 500 0.02 800 4 Amorphous --- 
F Nitrate 600 0.02 530 40 
Fe3O4 
Fe1-xO 
< 20 
G Nitrate 700 0.02 330 680 
Fe3O4 
Fe1-xO 
Fe2N 
< 20 
H Nitrate 800 0.02 70 740 
Fe3O4 
Fe1-xO 
Fe2N 
30 – 90 
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Figure 2-3.  SEM images of Fe-C described in Table 2-1 and prepared by USP using (A-D) 
chloride-based precursors and (E-H) nitrate-based precursors at 500, 600, 700, and 800 °C 
(left to right).   
 
 
Figure 2-4.  TEM images of Fe-C described in Table 2-1 and prepared by USP using (A-D) 
chloride-based precursors and (E-H) nitrate-based precursors at 500, 600, 700, and 800 °C 
(left to right).   
 
A
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Figure 2-5.  High resolution TEM images showing iron nanoparticles impregnated in the 
Fe-C spheres prepared using (A) chloride-based precursors at 600 °C and (B) nitrate-based 
precursors at 700 °C.   
 
Major differences in the surface morphology of Fe-C products synthesized from the two 
precursor solutions are evident by SEM.  For materials prepared using chloride salts, external 
surface heterogeneities are generated because solid sodium chloride acts as an in situ template 
during Fe-C production (Figure 2-3, A-D).  Here, sodium chloride is considered a template 
because it provides a surface for isolated carbon atoms to network around, contributing to the 
final shape of the carbon products.  As water evaporates from the precursor aerosol droplets, 
NaCl, which is present at a high concentration, precipitates out at the surface, allowing for 
generation of visible surface heterogeneities.  Washing removes the template, leaving external 
carbon porosity, which is visible on the surface of Fe-C prepared from chloride-based precursors 
at all temperatures.  In the absence of such a salt template (i.e., no NaCl added), the Fe-C 
samples prepared have a smooth exterior surface morphology (Figure 2-6, A). 
In contrast to Fe-C prepared from chloride-based precursor solutions, materials prepared 
using nitrate salts do not show such highly textured surface morphologies (Figure 2-3, E-H).  
Compared to NaCl in the chloride precursors (2.4 M), NaNO3 is present in lower concentrations 
A B
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(1 M).  NaNO3 is also more soluble than NaCl, which prevents its rapid precipitation to the 
surface of the drying aerosol particles.  This limits the development of surface heterogeneities.  
Molten NaOH is expected to form as a by-product of NaNO3 decomposition at > 600 °C, but its 
presence does not appear to impact the Fe-C surface morphology.  Fe-C materials prepared with 
or without NaNO3 have a similar surface morphology (Figure 2-3, G and Figure 2-6, B). 
 
 
 
Figure 2-6.  SEM images of USP Fe-C prepared from a precursor solution containing (A) 
0.6 M sucrose and 0.12 M FeCl3 at 900 °C, and (B) 0.5 M sucrose and 0.02 M Fe(NO3)3 at 
700 °C.   
 
 
XRD patterns for Fe-C products prepared from chloride and nitrate salts at 500 to 800 °C 
(corresponding to Table 2-1) are shown in Figure 2-7.  A broad peak at 2θ angles between 10° 
and 30° is not shown in Figure 2-7, but is consistent for all Fe-C materials and corresponds to 
amorphous carbon.  No graphitic carbon was formed (i.e., no corresponding sharp diffraction 
peak at 26° – 27° was observed in any Fe-C XRD pattern), most likely due to short residence 
times and moderate temperatures preventing carbon crystallization. 
A B
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Fe-C prepared using chloride salts at the lowest temperature (500 °C) does not show a 
crystalline iron phase, making identification by XRD impossible.  The presence of iron is, 
however, confirmed by bulk elemental analysis (Figure 2-7, a and Table 2-2).  At higher 
temperatures (600 to 800 °C), the presence of identifiable, iron-associated XRD peaks for 
materials prepared using the chloride salts indicates that crystalline iron is present; these peak 
locations match the standard for magnetite (Fe3O4, PDF#04-005-4319).  Peaks corresponding to 
NaCl (halite) were not observed.  Crystalline zero valent iron, iron carbide, hematite, or wustite 
were not observed for Fe-C materials prepared from chloride-based salts at 500 – 800 oC. 
Fe-C prepared using nitrate salts at 500 °C also does not show a crystalline iron phase, 
but the presence of iron is again confirmed by bulk elemental analysis (Figure 2-7, b and Table 
2-2).  The presence of identifiable, iron-associated peaks in the patterns for materials prepared 
using nitrate salts at 600 to 800 °C indicates that crystalline iron is present; these peak locations 
match the standards for Fe3O4 and a reduced wustite phase (Fe1-xO, e.g., PDF#01-085-0625).  
Additionally, peaks matching iron nitride ( -Fe2N, PDF#04-011-7278) are observed in the 
patterns for the Fe-C materials prepared at 700 °C and 800 °C.  The relative intensity of the    
Fe1-xO peaks decreases and the relative intensity of the Fe2N peaks increases as the pyrolysis 
temperature increases, but Fe3O4 is the dominant crystalline iron species regardless of 
preparation temperature.  Peaks representing residual or trapped NaNO3 or NaOH (formed 
during sodium nitrate decomposition) are not seen, indicating complete decomposition or 
removal after the washing procedure.  Peaks corresponding to crystalline zero valent iron, iron 
carbide, or hematite were not observed for Fe-C materials prepared from nitrate-based salts. 
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Figure 2-7.  XRD patterns for Fe-C materials described in Table 1 and prepared at 500 to 
800 °C using (A) chloride-based precursors and (B) nitrate-based precursors. 
 
 
Bulk elemental analysis of Fe-C products is presented in Table 2-2, with oxygen content 
determined by difference.  Carbon content increases with increasing pyrolysis temperature for 
both precursor systems while hydrogen and oxygen content decrease; this is consistent with 
pyrolysis of oxygen functional groups at higher temperatures, which creates a more hydrophobic 
material.  Higher carbon concentrations and lower oxygen concentrations in the Fe-C materials 
prepared using the chloride-based precursors suggest increased hydrophobicity compared to 
those prepared from nitrate-based precursors.  
Yields for collected carbon are less than 12% by mass of the total input carbon from 
sucrose for all Fe-C presented in Table 2-2.  The carbon yield decreases with increasing 
temperature, which is expected from secondary pyrolytic reactions at higher temperatures. 
 
A B
Fe3O4 Fe3O4
Fe2N
Fe1-xO
 39 
Table 2-2.  Bulk elemental analysis of Fe-C products, prepared at select temperatures and 
carrier gas flow rate of 1 SLPM, originally described in Table 2-1. 
Fig. 1 & 2 
Label 
Anion 
Pyrolysis  
Temp. 
(°C) 
C  
(wt %) 
H 
(wt %) 
N  
(wt %) 
Fe 
(wt %) 
O 
(wt %, by 
difference) 
A Chloride 500 65.1 3.3 0.3 4.0 27.3 
B Chloride 600 70.2 2.6 0.4 8.3 18.5 
C Chloride 700 73.3 2.0 0.3 9.6 14.8 
D Chloride 800 81.2 1.5 0.4 5.1 11.8 
E Nitrate 500 54.9 2.5 5.7 2.5 34.4 
F Nitrate 600 59.3 2.5 6.3 3.2 28.7 
G Nitrate 700 64.4 2.3 6.1 3.7 23.5 
H Nitrate 800 67.9 1.7 3.4 8.3 18.7 
 
 
2.3.2 Precursor Decomposition and Fe-C Formation Mechanisms 
 
2.3.2.1 Formation of Carbon Support 
 
Spray pyrolysis of a sucrose-only solution does not produce carbon products using the 
described USP system because the aerosol residence time in the furnace is insufficient to 
carbonize sucrose, even when high temperatures (900 °C) and decreased flow rates 8.33 x 10
-6
 
m
3
/s (0.5 SLPM) are used.  The residence time under those conditions is estimated to be 7 s.  
Similarly, no carbon products are obtained from a sucrose/NaCl solution under our experimental 
conditions.   
For USP with short residence times, carbon products from chloride-based precursors are 
only produced in the presence of a catalyst, in this case, Fe
3+
 ions acting as a Lewis acid catalyst 
[37].  Furthermore, iron oxide nanoparticles may act as catalytic seeds for the growth of carbon 
nano-structures similar to the formation of other carbon-based nanomaterials including carbon 
nanotubes and carbon nanocages [38-40].   
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An aqueous solution containing only sucrose and NaNO3 produced solid carbon products 
via USP at temperatures as low as 600 °C.  Unlike sodium chloride, which is chemically inert 
under the conditions used in this study, NaNO3 is a strong oxidizer [41].  Decomposition 
products from NaNO3, including O2 and NO2, are oxidizing agents and may catalyze sucrose 
dehydration or decomposition, allowing for carbon isolation without iron [42].  Carbons prepared 
from an aqueous solution containing only sucrose and NaNO3 at 600 °C, 700 °C, and 800 °C 
have surface areas of 20 m
2
/g, 800 m
2
/g, and 560 m
2
/g, respectively.  An aqueous precursor 
solution containing only sucrose and Fe(NO3)3 yields negligible product at 700 °C, preventing 
BET surface area analysis.  In stark contrast to the chloride system, it is clear that the sodium salt 
in the nitrate system has more impact on carbon isolation than the iron salt.   
 
2.3.2.2 Formation of Iron-Based Nanoparticles within Carbon Spheres 
 
Both iron nitrate and iron chloride are common catalyst precursors for incipient wetness 
and excess solution impregnations [43].  Evaporation of water from the USP generated aerosol 
droplets at the heated reactor entrance results in the formation of α-Fe2O3 (PDF#04-003-2900) 
upon heating [44].  USP of sucrose-free chloride precursor solutions results in formation of semi-
porous hematite (Figure 2-8).   
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Figure 2-8.  SEM image and XRD pattern of porous hematite (α-Fe2O3) prepared using 
USP at 400 
o
C with an aqueous solution of NaCl and FeCl3 (BET Surface Area = 200 m
2
/g). 
 
 
Iron oxide reduction to magnetite or wustite must take place through reactions involving 
sucrose in both precursor solutions.  Two possible mechanisms are proposed (Figure 2-9 and 
Figure 2-10).  First, in acidic solutions (as in aqueous Fe(NO3)3 or FeCl3), sucrose is partially 
hydrolyzed to glucose and fructose [45-46].  As aerosol droplets enter the reactor and water 
evaporates, solid particles containing glucose, fructose, sucrose, NaCl or NaNO3, and ferric 
hydroxide form.  As the temperature increases, ferric hydroxide will be reduced by reaction with 
glucose to form reduced iron species, gluconic acid, and hydrogen [45].  Second, if Fe2O3 
initially forms when water evaporates, it may be reduced to Fe3O4 or other reduced iron species 
by CO and H2 (products from sucrose, glucose, and/or fructose pyrolysis and gasification).  
Crystalline hematite (α-Fe2O3) is not observed in any Fe-C products, so if it were initially 
formed, its conversion to crystalline, reduced iron species including Fe3O4 and Fe1-xO must occur 
fully.  Although oxidizing gases may be generated from nitrate salt decomposition, the only 
crystalline species observed are reduced iron oxides, suggesting that the impact of these low 
concentration gases on the chemistry of the impregnated iron oxides is negligible.   
Fe2O3
 42 
 
Figure 2-9.  Magnetite formation via iron oxide reduction by glucose. 
 
Sucrose + Fe3+  
Glucose + Fructose + Fe3+ 
FeOOH 
Fe2O3 
Fe3O4 
Water Evaporation 
Δ, Heat 
H+, Hydrolysis 
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Figure 2-10.  Magnetite formation via iron oxide reduction by CO/H2. 
 
In the nitrate system, it is proposed that nitriding of iron oxides occurs through reactions 
with NOx at 700 °C and 800 °C (Table 2-1).  Nitriding of iron in steel using potassium or sodium 
nitrate salt baths at 650 °C is attributed to nitrides
 
generated indirectly from nitrate 
decomposition, or to NO or NO2 generated directly from nitrate decomposition [47-49].   
The crystal structure of iron oxide nanoparticles depends on the reaction temperature and 
precursor composition.  At 500 °C, crystallization of iron oxide nanoparticles does not occur 
rapidly, which results in formation of only amorphous iron species.  While ICP-MS confirms the 
presence of bulk iron in materials prepared at 500 °C from both precursor solutions and TEM 
images show the presence of iron nanoparticles in these samples, XRD analysis does not show 
any evidence of crystalline iron phases (Table 2-2, Figures 2-4 and 2-7).  In comparison, at 600 
Fe3+ + Sucrose (+ Glucose + Fructose) 
FeOOH 
Fe2O3 
Δ, Heat 
Water Evaporation 
Carbon + H2O 
+ 
CO + H2 
Dehydration 
Fe3O4 
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°C to 800 °C, XRD shows the presence of crystalline iron oxide nanoparticles in the Fe-C 
products.  Sintering of magnetite nanoparticles is minor in the chloride system but more 
significant in the nitrate system at increased reaction temperatures (Table 2-1), as evidenced by 
visual observation of the nanoparticles by TEM. 
 On one occasion, porous carbon directly impregnated with zero-valent iron (Fe
0
) was 
prepared by the USP system.  This material was prepared from the chloride-based precursors at a 
higher reactor temperature (900 
o
C), and TEM and XRD indicate that the zero-valent iron 
nanoparticles have a larger diameter than magnetite nanoparticles prepared at lower temperatures 
(Figure 2-11, Figure 2-12, and Table 2-3).  Larger diameters noted for zero-valent iron 
nanoparticles are attributed to sintering at the higher reaction temperature.  It is speculated that 
the reduction pathway is based on direct interaction between the prepared and reactive magnetite 
nanoparticles and carbon, which at high temperatures can function as a reducing agent (Figure 2-
13).  The zero-valent iron nanoparticles, which are generally reactive in air, are stable enough to 
withstand oxidation in the ambient atmosphere.  The prepared Fe-C materials were handled in air 
post-preparation and during XRD analyses, yet all analyses still support the presence of zero 
valent iron.  Such a material could be industrially relevant if the reduction pathway was better 
understood, but additional research is necessary to identify the optimal production conditions.  
There is the possibility that the iron nanoparticles are coated with a thin oxide layer that prevents 
additional oxidation, though such a hypothesis was not confirmed. 
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Figure 2-11.  TEM image of Fe-C material prepared at 900 
o
C that includes large diameter, 
zero-valent iron nanoparticles. 
 
 
Figure 2-12.  XRD pattern for Fe-C prepared at 900 
o
C and compared to materials 
prepared at 500 
o
C and 700 
o
C. 
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Table 2-3.  Distribution of crystalline magnetite and zero-valent iron in Fe-C materials 
prepared at various temperatures, as determined by XRD via the Scherrer equation. 
Pyrolysis Temperature 
(
o
C) 
Fe3O4 
(wt %) 
Fe  
(wt %) 
Fe3O4 Diameter 
(nm) 
Fe Diameter 
(nm) 
500 0% 0% --- --- 
700 100% 0% 6 --- 
900 65% 35% 4-5 30 
 
 
 
Figure 2-13.  Possible Fe-C production mechanism based on magnetite formation before 
carbon isolation (Figure 2-9) and including high temperature reduction of magnetite to 
zero-valent iron. 
 
 
 
 
Porous Carbon 
Amorphous 
Fe3O4 
Fe3+ + Sucrose Glucose + Fructose + Fe3+ 
Hydrolysis 
H+ 
Carbon + H2O 
Crystalline 
Fe3O4 
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Fe3+ + Fe2+ + Gluconic Acid 
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Δ, Heat,     
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Carbon Gasification 
Δ, Heat 
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Δ, Heat 
Δ, Heat 
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2.3.2.3 Porosity Formation in Fe-C Materials 
 
Table 2-4 describes different possibilities for formation of porosity in carbon supports at 
various temperatures for the two precursor solutions.   
 
 
Table 2-4.  Proposed paths to carbon porosity generation in Fe-C materials prepared using 
chloride and nitrate salts at various temperatures by the USP method. 
 Pyrolysis Precursor Salt Component 
Temp. (°C) Nitrate Precursor Chloride Precursor 
500 – 600  Molten NaNO3, in situ template  Solid NaCl, in situ template  
700 – 800  Carbon Gasification by steam from 
aerosol droplets or NO2 and O2 from 
nitrate salt decomposition  
 Molten NaOH, in situ template 
 Chemical activation of carbon 
precursor through reaction with 
NaOH 
 Carbon Gasification by 
steam from aerosol droplets  
 Solid NaCl, in situ template  
 
 
 
For chloride-containing precursors, pore development likely occurs via two pathways, 
depending on temperature.  At temperatures less than 700 °C, pore development results from 
carbon atoms networking around an in situ solid salt template:  when water evaporates during 
initial droplet heating, solid NaCl (melting point = 800 °C) remains as an inert porogen, 
providing a solid surface around which isolated carbon atoms can network, thus resulting in the 
development of an interior porous structure [19, 24-26].  When this salt template is dissolved in 
the collection bubblers, the porous network remains throughout the carbon matrix.  At 600 °C, 
iron-impregnated carbon materials prepared with NaCl in the precursor solution have a surface 
area of 390 m
2
/g, whereas carbon materials prepared without NaCl are 10 m
2
/g (Table 2-5).  
Despite increased water concentrations in the gas stream, carbon gasification is not expected to 
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add surface area to Fe-C products prepared at less than 700 °C under our experimental 
conditions.  Literature indicates that carbon gasification is significantly increased with 
temperature.  For example, rate of CO evolution increases several times for steam gasification of 
coal and active carbon when the temperature increases from 700 to 800 °C [50].   
 
Table 2-5.  Impact of salt presence and reactor temperature on total Fe-C surface area 
(S.A.) for 0.12 M FeCl3 precursor solutions at a carrier gas flow rate of 0.5 SLPM. 
Reactor Temp. 
(°C) 
S.A. with NaCl 
(m
2
/g) 
S.A. without NaCl 
(m
2
/g) 
600 390 10 
700 520 200 
900 530 710 
 
 
 
It is worth noting here that hematite products prepared using USP and aqueous precursor 
solutions containing only NaCl and FeCl3 also benefit from this in situ solid salt template.  As-
produced hematite surface areas are as high as 200 m
2
/g when prepared from precursors with 
large (10:1 by mass) NaCl to FeCl3 ratios (Figure 2-8).  Hematite prepared under similar 
pyrolysis conditions but from a precursor with a small (0.05:1) NaCl to FeCl3 ratio only has a 
specific surface area of 30 m
2
/g.   
Above 700 °C, a different Fe-C pore formation mechanism is proposed for Fe-C prepared 
from chloride salts.  At these temperatures, fresh edge-site carbon atoms formed from sucrose 
dehydration will react with steam in the pyrolysis gas to generate additional porosity in the 
carbon support.  Steam gasification of carbon produces H2 and CO, which may also be 
responsible for the observed reduction of iron species within the Fe-C products (Figure 2-10).  In 
addition, steam gasification may also be catalyzed by the presence of iron nanoparticles within 
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the carbon spheres [51-52].  With this high temperature mechanism, the presence of salt may 
actually hinder porosity development, since NaCl (solid or molten depending on temperature) 
may block carbon sites and prevent gasification.  At 900 °C, materials prepared with the NaCl 
template have a surface area of 530 m
2
/g while those materials prepared without the salt template 
exceed 700 m
2
/g (Table 2-5), suggesting that the contribution of the in situ salt template to 
porosity development diminishes at higher reaction temperatures.  Temperatures around 700 °C 
appear to be ideal for preparing Fe-C materials from chloride-based precursors in terms of 
surface areas and yields (Table 2-1 and Table 2-5). 
High and low temperature mechanisms also appear to be present for porosity 
development in Fe-C materials prepared using nitrate precursors.  At low temperatures (500 to 
600 °C), only low porosity materials are generated (surface areas < 40 m
2
/g).  Carbon templating 
onto molten NaNO3 likely contributes the minimal porosity that is observed.  The absence of 
accessible internal porosity from surface heterogeneities, as is observed in low temperature 
chloride-based Fe-C products benefiting from the NaCl template, results in lower surface area 
materials for the nitrate precursors compared to the chloride precursors (Table 2-1).   
As with the chloride-based precursors, carbon gasification by steam is expected to be the 
dominant source of porosity development in the nitrate-based Fe-C products at temperatures 
greater than 700 °C.  Minimal porosity generation is expected from gasification by oxidizing 
gases (O2, NO2) evolved from sodium nitrate decomposition, since their concentrations are low 
compared to steam.  The surface area of the materials prepared using nitrate salts at 700 °C is 
680 m
2
/g, compared to only 40 m
2
/g at 600 °C (Table 2-1).  Additional porosity may result from 
a molten NaOH in situ template that forms from the reaction of water with Na2O, a byproduct of 
NaNO3 decomposition.  Chemical activation from reaction between NaOH and carbon may also 
 50 
develop porosity within the Fe-C products, though the extent of this impact is not clear [53].  It 
appears that under the test conditions employed, 700 °C is the optimum temperature to balance 
high yield and high surface area when using the nitrate precursors.   
 
2.3.3 Application Potential of USP Process and Fe-C Products 
 
2.3.3.1 Catalyst Accessibility – Gas and Water Phase Applications 
 
Despite highly dispersed bulk iron contents, quantitative analyses by XPS confirm that 
there are negligible amounts of iron on the outer surface of Fe-C products (both as-produced and 
hydrogen treated).  This deficiency of external surface iron may affect the application of these 
Fe-C materials: for example, if the iron nanoparticles are covered by carbon, then they may not 
be accessible to gases and this could limit their applications as a catalyst or in other applications 
where gas-solid contact is required.  However, liquid phase reactions, where electron transfer can 
occur through the carbon shell, might still be possible.  Iron leaching experiments support high 
Fe-C (prepared from both nitrate and chloride salts) stability in acidic conditions, as a negligible 
amount of iron (< 0.2%) is removed after stirring for 48 hours at pH = 2. 
To assess iron nanoparticle accessibility, a USP Fe-C material, prepared using chloride 
salts, was annealed under nitrogen or hydrogen at 400 °C (to minimize the sintering of metal 
nanoparticles) and then analyzed with XRD to determine the structure of impregnated iron 
(Figure 2-14).  Table 2-6 shows the relevant physical properties of the tested materials.   
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Figure 2-14.  XRD patterns for Fe-C materials as prepared by USP and after heat or 
hydrogen treatment.  The USP Fe-C sample was prepared using chloride salts at 600 °C, 
0.5 SLPM N2, 0.39 M FeCl3. 
 
 
 
Table 2-6.  Physical properties of Fe-C before and after heat treatments under nitrogen 
and hydrogen. 
Treatment 
S.A. 
(m
2
/g) 
Fe3O4  
(wt %
a
) 
Fe 
(wt %
a
) 
Fe3O4 Diameter 
(nm) 
Fe Diameter 
(nm) 
As prepared 300 100% 0% 7.5 --- 
Heat in N2 
(12 h, 400 °C) 
490 100% 0% 9.8 --- 
Heat in H2 
(12 h, 400 °C) 
630 57% 43% 10.2 25.0 
a
 wt % of total iron species 
 
 
Fe3O4
Fe
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Both heat alone and especially treatment with hydrogen increase the surface area of Fe-C.  
Heat or hydrogen treatments do not cause shifts in the Fe-C XRD pattern; zero valent iron (ZVI, 
PDF#00-006-0696), however, is only present in H2-treated Fe-C (Figure 2-14).  Since gas/solid 
contact is required for iron oxide reduction, this provides evidence that some of the impregnated 
magnetite nanoparticles are, at the very least, accessible to H2 during the heat treatments.  In this 
particular example, H2 reduced approximately 50% of the available iron.  While minor sintering 
of magnetite was present after the heat treatments, ZVI nanoparticles were more susceptible to 
sintering.  Once again, the relative stability of the ZVI nanoparticles is of particular interest, and 
additional oxidation is not noted despite the materials being exposed to ambient air during XRD 
analyses. 
As a separate probe of catalytic activity, a reduced Fe-C sample prepared using nitrate 
salts was tested for reduction of aqueous hexavalent chromium to see if the iron nanoparticles 
were active catalytic sites for liquid-phase reduction applications.  USP carbon prepared from a 
precursor solution containing only sucrose and NaNO3 was used as a control.  Both materials 
received the same H2 treatment before Cr(VI) experiments.   
After 48 h of exposure to the Fe-C material, Cr(VI) was reduced from 34 μM to 6 μM.  
Solutions that were treated with non-impregnated carbon contained 31 μM Cr(VI) after the same 
time period (Figure 2-15, lines drawn to guide the eyes).  It is not clear whether the improved 
performance of the Fe-C material is attributed to liquid-solid contact or electron transfer through 
the carbon shell, but the Fe-C material clearly performs well compared to pure carbon in this 
preliminary aqueous phase test.   
 53 
 
Figure 2-15.  Chromium reduction using reduced Fe-C prepared from nitrate-based 
precursors, containing 8 wt % Fe.  
 
 
2.3.3.2 High Iron Loading Fe-C Materials and Their Magnetic Properties 
 
Traditional metal impregnation techniques make it difficult to attain high mass loadings 
onto supports while maintaining well-dispersed, metal nanoparticles.  The USP process 
described here can produce high bulk iron loadings into porous carbon supports without 
sacrificing dispersion.  Figure 2-16 shows TEM images of Fe-C prepared from a chloride-based 
precursor containing 0.23 M FeCl3 at 600 °C and carrier gas flow rate of 0.5 SLPM.  Bulk iron 
analysis indicates that this material contains 35 wt % Fe, and TEM images show that the iron 
oxide nanoparticles remain < 20 nm.  The ability to prepare such high loadings of iron 
nanoparticles while retaining high dispersion is exceptionally rare.    
 
USP C + H2 Treatment
USP Fe-C + H2 Treatment
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Figure 2-16.  TEM images of Fe-C product containing 35% bulk iron content with average 
magnetite (dark black spots) diameter < 20 nm. 
 
 
Prepared Fe-C materials containing high loadings of crystalline magnetite are magnetic.  
Figure 2-17 shows how these materials can be isolated from water dispersions using a large 
magnet located to the right of the vial containing the dispersion.  Presumably, a similar system 
could be used to remove the Fe-C powder from gas dispersions.  This strong magnetism may 
improve the application potential of these impregnated carbon materials by providing a facile 
route to catalyst recovery. 
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Figure 2-17.  Magnetic separation of the Fe-C composite from a suspension in water. 
 
 
2.3.3.3 USP Carbon Impregnation with Other Metals 
 
Preliminary tests have shown that sucrose dehydration/decomposition can also be 
catalyzed by solutions containing Co
2+
, Ni
2+
, Cu
2+
, or Zn
2+
 cations when using USP.  The 
reaction rates for these dehydrating agents are apparently slower than with iron, which results in 
lower carbon production rates.  The final morphology of the carbon support and metal 
nanoparticles, however, is similar to the Fe-C materials.  Porosity development is again 
evidenced by increased product surface areas (Table 2-7).   
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Table 2-7.  Preparation conditions and specific surface areas (S.A.) for metal-C materials 
prepared by USP. 
Metal Source 
Inorganic 
Salt 
Precursor 
Metal Conc. 
(wt %) 
Pyrolysis 
Temp. 
(°C) 
Carrier 
Gas Flow 
Rate 
(SLPM) 
S.A. 
(m
2
/g) 
Cu(CH3OO)2 + HCl
a 
NaCl 8 600 0.5 150 
Zn(CH3OO)2 NaCl 8 600 0.5 220 
Ni(NO3)2·6H2O NaNO3 4 700 1.0 570 
Co(NO3)2·6H2O NaNO3 4 700 1.0 480 
a
 HCl added to prevent precipitation of copper hydroxide 
 
2.4 Summary and Conclusions 
 
Porous carbon spheres impregnated with nanoscale magnetite, wustite, or iron nitride 
particles (Fe-C) can be prepared in a single-step, continuous process using ultrasonic spray 
pyrolysis (USP).  This research simplifies established processes for preparing impregnated 
carbon materials, by permitting carbonization, pore formation, metal impregnation, and metal 
activation to occur simultaneously in a continuous process requiring little control.  Furthermore, 
this process requires only a single heating step and uses low cost starting materials.  Fe-C surface 
areas ranged from 4 – 320 m2/g when prepared using only in situ templating, but exceeded 700 
m
2
/g from in situ carbon gasification or chemical activation with reaction temperatures > 700 °C.  
Materials prepared using chloride and nitrate salts were structurally different.  For chloride- and 
nitrate-based precursors, 700 
o
C was the optimal production temperature for maximizing surface 
area, iron dispersion, and yield.  USP Fe-C materials may be useful in industrial applications due 
to their potential for high-loading of well-dispersed metal nanoparticles.  The USP system should 
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be optimized to allow for more rapid production of materials and other precursors should be 
investigated to decrease the cost of Fe-C products. 
 
2.5 Unique Contributions to the Field Directly Resulting from these Studies 
 
 The following additions to the literature were a direct result of the work performed in this 
dissertation section: 
 
 A single-step, spray pyrolysis approach can be used to prepare iron impregnated porous 
carbon spheres, greatly simplifying the traditional techniques used to make such materials 
[54].  Surface areas are shown to reach as high as 800 m
2
/g and bulk iron loading is as 
high as 35 wt % without sacrificing metal dispersion. 
 A reaction mechanism is proposed to describe how a single heating step is used to isolate 
carbon from sucrose, develop porosity, and create magnetite nanoparticles [54-57]. 
 Single step preparation of ZVI impregnated porous carbon spheres is documented and 
described with a potential reaction mechanism, though further studies are warranted [55-
57]. 
 Testing indicates that the impregnated iron nanoparticles are at least accessible to small 
diameter gases and are active for liquid phase applications, either through heterogeneous 
reactions or electron transfer [54-57]. 
 Preliminary data provide evidence that the USP technique can be used to prepare porous 
carbon spheres impregnated with a variety of other metals, including copper, zinc, nickel, 
and cobalt [54].  
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2.6 Recommendations for Future Work 
 
 The ultrasonic spray pyrolysis approach has garnered continued interest as a porous 
carbon production strategy, but additional work should continue to investigate catalytic carbons 
that can be readily prepared using this method.  Fundamental research is still needed to fully 
assess the opportunities that this novel technique provides, but application-focused work is also 
necessary to assess the realistic potential of the method.  In particular, the following studies are 
recommended based on the contributions from this work and the additions that have since been 
contributed to the available literature. 
 
 Applications for iron-impregnated porous carbons prepared by USP should be further 
investigated.  This work provided evidence that the iron nanoparticles are accessible and 
active in gas and liquid phase applications, however, further application studies were 
beyond the scope of this research effort.  In particular, these carbons should be 
investigated as dechlorination catalysts, chromium (VI) reduction catalysts, arsenic 
chemical adsorbents, and catalysts for the Fischer-Tropsch process. 
 Scale-up must be investigated to assess the application potential of this technique.  Bench 
scale Fe-C production rates are slow, so the process should be optimized to reduce 
particle losses and increase precursor aerosolization rates.  Recommendations include 
using a vertical furnace and an ultrasonic spray nozzle.  After optimizing the bench scale 
process, scale-up to the pilot and full scales should be investigated.   
 This research focused exclusively on iron oxide and zero valent iron impregnants.  The 
ease of the spray pyrolysis approach, however, allows it to be used for impregnating 
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porous carbons with a variety of different metals and metal oxides – preliminary work 
described here highlighted this potential.  Future work should continue to investigate 
impregnation with other transition metals, precious metals, and metal oxides.  Proof that 
the technique can be used to prepare a wide range of materials will only increase its 
application potential. 
 Sucrose is not a sustainable choice as a porous carbon precursor.  It is expensive 
(relatively) and a food source.  Future studies should investigate alternative carbon 
sources that do not have a detrimental impact on the environment.  One possible 
precursor to investigate is liquid waste from paper pulp, which is a waste material from 
the paper making process. 
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Chapter 3:  Investigating the Impacts of Carbon’s Physical and Chemical Properties on 
Catalytic Oxidation of Nitric Oxide, with a Focus on the Development and Role of Oxygen 
Functionalities and Formulating an Updated Reaction Mechanism 
 
 
Abstract: 
 
Fundamental studies describing the impact of carbon’s chemical properties on NO 
oxidation allow for the development of catalysts tailored specifically for abating emissions of 
nitrogen oxides.  Here, it is demonstrated that acidic oxygen functional groups are developed on 
activated carbon fibers during carbon-catalyzed NO oxidation.  Reaction and thermal desorption 
cycle experiments demonstrate the continuous addition of oxygen to carbon as carbonyl and 
carboxyl functional groups.  After four cycles, the oxygen content of carbon increased by 280%.  
There is also a 65% reduction in the time required to desorb NO2 from the carbon surface, 
allowing the reaction to achieve steady-state NO conversion 45% faster.  The steady-state NO 
oxidation rate remains constant during the four cycles (48.5 ± 1.6 µmol/h), which is attributed to 
stable physical properties of carbon during the cycles.  Oxygen groups added during the cycles, 
therefore, have no detectable impact on the overall conversion of NO with carbon, but control 
the pathway to achieving stable conditions.  Carbon catalysts prepared with acidic oxygen 
functionalities are promising as NO oxidation catalysts, as confirmed with NO2 and nitric acid 
treatments.  It is proposed that carbon’s surface chemistry impacts NO oxidation kinetics while 
carbon’s porous structure impacts the steady-state NO conversion efficiency to NO2. 
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3.1 Introduction 
 
3.1.1 Anthropogenic NOx Emissions 
 
In 2011, total US anthropogenic emissions of NOx (sum of NO and NO2) from both 
stationary and mobile sources exceeded 1.19x10
10
 kg/yr [1].  NOx emissions from power 
generation sources contribute to the formation of acid rain and are a precursor to ground level 
ozone (O3) and fine particulate matter (PM).  These secondary gaseous and PM pollutants, as 
well as NOx itself, have been shown to aggravate human respiratory systems, causing many 
premature deaths each year [2].  The importance of controlling NOx has not diminished despite 
several decades of research, though the drivers for reductions may have shifted from acid rain 
minimization in the 1990s to health impacts resulting from NOx and secondary pollutants.  This 
is demonstrated by acid rain legislation in the 1990 Clean Air Act Amendments and more recent 
development of fine PM and NOx standards, including the recent US EPA Transport Rule.  In 
2008, NOx emissions from stationary power generation facilities contributed over 34% of the 
total anthropogenic NOx emissions in the US, which marked the industry’s highest contribution 
to total NOx emissions since 2003 [3]. 
 
3.1.2 Status Quo:  Current NOx Control Technologies 
 
At coal fired power plants and other hydrocarbon fueled power generation sources, low-
NOx burner control strategies, including staged combustion and extended length combustion 
zones designed to decrease the overall flame temperature required for fuel combustion, limit the 
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amount of NOx that is initially produced in the reactor [4-5].  Low-NOx burner control strategies 
will not typically decrease prompt NO formation and cannot completely prevent fuel or thermal 
NOx formation.  Hence, 90+% NOx control efficiencies cannot be obtained using low-NOx 
burners alone.  Several possible low-NOx burner control strategies and their relative efficiencies 
for preventing NOx emissions are shown in Table 3-1. 
 
Table 3-1.  Approximate reduction efficiencies for different low-NOx burner control 
strategies at power plants. 
Control Strategy NOx Reduction Efficiency Reference 
Staged Combustion 80% Maximum [6] 
Low Excess Air 19% Average [7] 
Co-Combustion of Coal     
with Biomass  
21% Maximum (not staged) 
72% Maximum (staged) 
[8] 
Off-Stoichiometric 
Combustion 
34% Average [7] 
Gas Reburning 40 – 60% [9] 
 
 
Post-combustion NOx control is therefore necessary when producing energy by burning 
hydrocarbon fuels, if more significant NOx control is required.  NOx emissions that cannot be 
minimized using low-NOx burners are most commonly reduced to N2 using Selective Catalytic 
Reduction (SCR) or Selective Non-Catalytic Reduction (SNCR) processes.  
SCR typically operates with a precious metal, transition metal, or metal oxide catalyst 
impregnated onto an alumina or zeolite (ceramic) support.  This allows for chemical reduction of 
NOx in the flue gas stream between 300 and 400 
o
C, while SNCR uses no catalyst but requires 
much higher reaction temperatures of 1,000 
o
C.  Both SCR and SNCR require supplemental 
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reducing agents, either ammonia (Reactions 1 – 3) or urea (Reaction 4), to induce reduction of 
NOx species by the following reactions [10-12]:  
 
4 NO + 4 NH3 + O2  4 N2 + 6 H2O                                                                                    (1)
2 NO2 + 4 NH3 + O2  3 N2 + 6 H2O                                                                                   (2) 
NO + NO2 + 2 NH3  2 N2 + 3 H2O                                                                                    (3)
  
4 NO + 2 (NH2)2CO + O2  4 N2 + 4 H2O + 2 CO2                                                                                       (4) 
 
Despite the fact that capital costs for SCR systems are much higher, SNCR is not 
typically considered a popular or economical option for NOx reduction due to relatively low NOx 
removal efficiencies.  Typical removal efficiencies in SNCR systems (e.g., 50%) are much lower 
than SCR systems (e.g., 80%) when using ammonia (Table 3-2) [12]. 
Catalysts for the SCR process are expensive and can be prone to contamination and 
deactivation by acid gases in exhaust streams, including SO3 that either forms from SO2 
oxidation over the catalyst or is injected directly into the gas stream to increase particle removal 
efficiency in an electrostatic precipitator (ESP) [13].  Exposure to salt-containing aerosols has 
been shown to deactivate SCR catalysts [14-16].  Research has also studied the role of select 
hydrocarbon gases produced due to impurities in the fuel source or incomplete combustion in 
deactivating SCR catalysts [17-18].  As previously mentioned, several different types of catalysts 
are used for SCR, including zeolites, precious metals, and transition or base metal oxides, and 
most are supported on ceramic materials.  Transition metal oxides are garnering recent interest 
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because they are less expensive than the precious metal or vanadium catalysts that have been 
more commonly used in the past [19]. 
Beyond the high temperatures necessary for these reduction reactions to occur for SNCR 
and the occurrence of catalyst deactivation for SCR, several other concerns impact SCR and 
SNCR processes.  First, difficulties arise when working with reducing agents, especially 
ammonia – a necessary component for the SCR/SNCR processes that is also harmful to humans.  
Storage and transportation of anhydrous ammonia is challenging and expensive.  Aqueous 
ammonia can instead be used, but then energy must be spent for hydrolysis to anhydrous 
ammonia.  The potential for ammonia slip (penetration to the atmosphere) into the flue gas 
stream poses perhaps the most significant environmental and human health hazard, occurring 
when reaction temperatures are too low [12, 20].  Ammonia slip can also react with H2O and SO3 
in the flue gas to generate ammonium sulfate and bisulfate, which are corrosive, can increase 
pressure drop due to build-up in pipes, and can coat SCR catalysts resulting in decreased activity 
[21-22].  If reaction temperatures are too high, NH3 will decompose, resulting in the formation of 
additional NO [12].  If urea is instead used, there will be production of CO2 both as a reaction 
product and because energy must be used to thermally convert the urea into a reactive state.  
Finally, cost estimates for these well-established NOx control techniques are expensive as 
compared to control technologies for other, similar concentration pollutants (Table 3-2). 
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Table 3-2.  Approximate costs of controlling nitrogen oxides, as well as SO2, mercury, and 
dioxins and furans from stationary sources. 
Process 
Removal 
Efficiency (%) 
Cost Effectiveness 
($/Mg Pollutant 
Removed) 
Reference 
Low-NOx Burners 40 – 65 17 – 660 [12] 
NOx SNCR 35 – 40 770 – 1,430 [12] 
NOx SCR 70 – 80 550 – 3,080 [12] 
SO2 Absorption    
(Wet Scrubbing) 
~ 90 520 – 675 [12, 23] 
Mercury Adsorption 
(Activated Carbon 
Injection, ACI) 
~ 90 1.1 x 10
8
 – 1.4 x 108 [24] 
Dioxin/Furan 
(PCDD/F) 
Destruction 
Variable 
A
 ~ 1.4 x 10
11  B
 [25] 
A 
Cost calculations are average costs for all municipal waste incinerations in Japan to reduce 
emissions to less than 50% of their 2002 PCDD/F standard, so emissions reductions are variable 
and dependent on the particular plant being considered  
B
 Data reported as the long-term cost to reduce PCDD/F from municipal waste incinerators in 
1998 US dollars 
 
Costs for sulfur dioxide control (flue gas desulfurization) range from $520 – $675 / Mg 
SO2 removed [12].  Clearly, NOx control beyond the implementation of low-NOx burners is 
significantly more costly than SO2 control from similar power plants, and SCR and SNCR 
achieve notably lower removal efficiencies than wet scrubbing for sulfur control.  That being 
said, control of trace contaminants, including mercury and PCDD/Fs, is orders of magnitude 
more expensive than current NOx control technologies.   
NOx removal efficiency using SCR and SNCR can reach as high as 90%, but higher 
efficiencies cannot be obtained without additional NH3 input that potentially leads to harmful 
NH3 slip or NO formation.  Approaching or exceeding the stoichiometric amount of NH3 
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required for complete reduction of NOx means more unreacted NH3 leading to additional NH3 
slip. 
 
3.1.3 Absorption as an Alternative NOx Control Strategy 
 
Absorption is a gas separation technique that exists at many power plants to remove SO2 
from flue gas streams.  Commonly referred to as “wet scrubbers,” these systems operate by 
dissolving SO2 into aqueous solutions.  Careful control of the solution’s pH can influence the 
efficacy of the scrubber.  There is potential for more widespread use of absorption for air 
pollution control than only removing SO2 from flue gas streams.  Recent work with absorption 
systems for air pollution control includes investigations into CO2 absorption by chemically 
modified or biologically enhanced aqueous solutions [26-27].  Oxidized mercury species (Hg
2+
) 
have also been controlled using absorption [28]. 
 NO has limited removal efficiency by absorption because it has low solubility in water (< 
1 mg/L) [29].  NO2, however, has much higher solubility and readily reacts with water to 
produce nitric acid, thus promoting additional absorption of NO2.  The Henry’s Law coefficient 
at 25 
o
C is 6 – 20 times larger for NO2 than for NO, and NO2’s solubility increases further from 
its reactions with water [30-32].  As a reference, the room temperature Henry’s Law coefficient 
for NO2 is still about 30 – 50 times lower than SO2, a benchmark pollutant for absorption 
processes [33]. 
Nevertheless, if NO in a flue gas stream can be oxidized to NO2, then selective removal 
of NO2 from the gas stream can occur, possibly with already existing absorption processes.  This 
differs greatly from the conventional chemical reduction processes, like SCR and SNCR, and 
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such a system would eliminate the need for ammonia and could potentially lead to removal 
efficiencies > 90%, as the issue of ammonia slip is eliminated.  Furthermore, capital costs to 
remove NOx by absorption could be modest for those utilities that already incorporate wet 
scrubbers for controlling emissions of SO2.  It is important to note here that these NO2 absorption 
ideas are neither novel nor unique, and they have been studied and established by many research 
groups for the past 20 – 25 yr; several examples are described below (Table 3-3). 
 
Table 3-3.  Literature summary of wet-scrubbing techniques for removing NO and NO2 
from gas streams. 
Absorption 
Solution  
Inlet 
NO
2
/NO 
(ppmv)  
NO
2
 Removal 
Efficiency 
 (%)  
NO Removal 
Efficiency 
(%)  
Temperature 
(°C)  
Reference 
Deionized 
Water  
275 / 
105  
70  0  25  [34] 
1 M KOH  
275 / 
105  
100  58  25  [34] 
0.25 M 
Na
2
SO
3 
 200 / 0  99  ---  25  [35] 
4.1 M 
(NH
4
)
2
SO
3 
 
350 / 
328  
100  23  44  [36] 
1 M 
Ammonium 
Citrate
 
 
350 / 
358  
100  16  53  [36]  
100% 2-
Aminoethanol  
320 / 
340  
91  40  53  [36]  
0.1 wt %  
Limestone 
Slurry 
200 / 0 64 
A 
--- 25 [37] 
A
 Inlet gas stream included 1000 ppmv SO2; 90% of the SO2 was absorbed 
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3.1.4 NO Oxidation Strategies 
 
NO oxidation to NO2 is thermodynamically favorable below 200 °C, but kinetically 
limited [38].  Oxidation strategies include homogeneous catalysis with oxidizing additives, 
heterogeneous catalysis with unsupported metal oxides or supported catalysts, and plasma 
treatment [38-43].  These techniques are effective, but costs resulting from the use and potential 
release of hazardous chemicals, catalyst deactivation due to SO2 poisoning, and thermodynamic 
limitations associated with necessarily high temperatures inhibit their application.  Tables 3-4 
and 3-5 summarize oxidation techniques tested in the literature that require additives or metal 
catalysts, respectively. 
 
Table 3-4.  Literature summary of NO oxidation techniques relying on additives to the gas 
stream for oxidizing NO to NO2. 
Additive / Technique 
Inlet NO 
(ppmv) 
NO Conversion 
(%) 
Temperature 
(°C) 
Reference 
Methanol 225 > 96 700 [44] 
Methanol 200 > 95 600 [39] 
Hydrogen Peroxide 200 > 90 520 [39] 
1:1 H
2
O
2
:Methanol 200 > 95 515 [39] 
Ozone 300 or 600 > 97 300 [40] 
Potassium 
Permanganate 
200 ~ 40 80 [41] 
Plasma Reactor 100 – 650 
As high as 100, 
but lower for 
higher [NO] 
300 [42] 
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Table 3-5.  Literature summary of NO oxidation techniques relying on precious or 
transition metal catalysts. 
Additive / Technique  
Inlet NO 
(ppmv)  
NO Conversion 
(%)  
Temperature 
(°C) 
Reference 
2.5 wt % Pt/SiO
2
 100  85 300  [38]  
2.5 wt % Pt/SiO
2 
 500  85 300  [38]  
2.5 wt % Pt/SiO
2
 1500  60 300  [38]  
2 wt % Pt/Al
2
O
3 
 500  70 300  [45]  
20 wt % Co in 
Co
3
O
4
/SiO
2 
 150  75 300  [46] 
3.3 wt % Cu-ZSM-5
 
 1000  40 380  [47]  
Co/K
x
Ti
2
O
5 
 700  85 275  [48]  
Fe-MFI
 
 1000  67 315  [49] 
 
 
 
3.1.5 Carbon Catalyzed NO Oxidation 
 
NO oxidation catalyzed by microporous activated carbon is an alternative strategy that 
can operate at low temperatures (< 100 
o
C) and requires no additional gas or chemical inputs [34, 
50-51].  Carbon’s high-energy micropores concentrate NO molecules and provide sites for co-
adsorption of O2, allowing for intimate contact between the reactants to promote and sustain 
oxidation [51].  Mochida showed that carbon catalysts can achieve high NO conversion 
efficiencies (> 90% at 25 
o
C), however, the technique is not yet practical for industrial 
applications because carbon responds slowly upon initial exposure to NO [34].  Significant time 
(> 20 h, depending on conditions) is required to reach these steady-state conversion efficiencies, 
owing to slow NO2 adsorption-desorption kinetics.  Results to date have improved times to 
achieve steady-state conditions by modifying process parameters, including reaction temperature 
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and gas hourly space velocity, but few studies focus on modifying the intrinsic properties of the 
carbon catalyst [52-54].  Combining the effects of properly tuned process parameters and tailored 
carbon catalysts could make the materials more practical for use in activated carbon injection 
(ACI) systems, which are currently used at power plants for mercury removal [55-56].  Carbon 
adsorbs mercury not only as a dispersed sorbent, but also as a fixed cake deposited onto a 
downstream filter.  Baghouse cleaning frequencies of three to four hours, however, indicate that 
if the carbon is expected to simultaneously function as an NO oxidation catalyst, more rapid 
achievement of steady-state conversion is necessary – current times in excess of 20 h are far 
longer than the carbon’s lifetime in the flue gas [57].  The possibility of oxidizing NO with ACI 
adsorbents, therefore, is more feasible if the NO and NO2 adsorption/desorption equilibrium is 
achieved over shorter residence times.  
To date, most carbon-catalyzed NO oxidation studies attempt to maximize steady-state 
NO conversion rates.  There has been limited emphasis on accelerating the path to achieving 
steady-state conversions, which involves at least co-adsorption of NO and O2, catalytic reaction, 
and subsequent desorption of formed NO2 [51].  To improve this facet of the catalyst, studies 
describing the interfacial catalytic reactions between NOx and carbon are needed.  The NO 
oxidation mechanism catalyzed by carbon should be more thoroughly described, including the 
formation and reactions of NO2 and the importance of carbon’s physical and chemical properties.   
The impact of surface functional groups (e.g., nitrogen, oxygen) on activated carbon has 
been described to investigate the interactions between NOx and carbon [52, 58-59].  A recent 
study shows carbon surface oxidation during NO oxidation [60].  Oxygen functionalities are 
retained on carbon due to decomposition of formed NO2-based intermediates over the reducing 
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carbon surface [60].  The formation of oxygen groups impacts NO/NO2 adsorption/desorption 
kinetics, accelerating the release of NO2 from the carbon surface. 
To improve the application potential of carbon-catalyzed NO oxidation, it is important to 
understand the influence of carbon’s physical and chemical properties on NO oxidation kinetics. 
It is shown here with cyclic oxidation experiments that surface oxygen groups form during NO 
oxidation reactions and control the amount of time necessary to achieve steady-state conversion 
of NO to NO2.  This research builds upon Zhang’s results [60] by quantifying and identifying 
these functionalities, while clearly describing their impact on NO oxidation kinetics.  These 
functionalities decrease the time before initial NO2 desorption and increase NO2 desorption rates.  
Continued improvement in the kinetic properties of the catalyst is shown after as many as four 
NO oxidation cycles.  By treating carbon with NO, NO2, and/or O2, it is confirmed that NO2 
chemical reduction is the continued cause of carbon surface oxidation.     
 
3.2 Methods 
 
3.2.1 Carbon Selection and Preparation  
 
 Activated carbon fiber cloth (ACFC-10, American Kynol, ACFC-5092-10) was used for 
all experiments presented herein.  This carbon was selected for its high carbon content (> 95%), 
negligible ash content (0% by mass), and high microporosity (100% by volume) with small pore 
widths (0.6 – 0.7 nm) and a narrow pore size distribution [61].  ACFC-10 was washed in 5.3 M 
HNO3 for > 8 h at 25 
o
C to remove impurities.  The acid-washed carbon was washed with 
deionized water until neutral pH followed by drying in air at 115 
o
C for > 2 h.  It was then treated 
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in pure H2 (0.5 SLPM) for 8 h at 800 
o
C to remove adsorbed nitrate groups and surface oxygen 
functionalities [61].  This material is labeled ACFC10-H.  For comparison, coal-based 
DarcoFGD (Norit Americas, Inc.), coal-based F400 (Calgon Carbon Corporation), and ACFC-20 
(American Kynol, ACFC-2092-20) were prepared following the same protocol described above 
and are designated DarcoFGD-H, F400-H, and ACFC20-H.  DarcoFGD was used for 
comparative purposes because of its high oxygen content and larger average pore width (3.6 – 
4.0 nm), with a significant mesoporous component (42 – 44% by volume).  F400 was used 
because it is nearly completely microporous (92 – 96% by volume), yet contains larger pores 
(1.1 – 1.4 nm) than the carbon fibers.  ACFC-20 provides nearly identical chemistry as ACFC-
10, but contains increased surface area and slightly larger pore widths.  All prepared carbon 
samples were stored in sealed vials under N2. 
Oxygen enriched ACFC-10 was also prepared. ACFC-10 was stirred for > 8 h in 5.3 M 
HNO3 at 25 
o
C, washed with deionized water until neutral pH, and then heated to 350 
o
C under 
0.5 SLPM N2 for 2 h to remove adsorbed nitrate groups [62].  Samples were cooled to room 
temperature and stored in a sealed vial under N2.  This material is labeled ACFC10-O. 
Sulfuric acid treated ACFC-10 was prepared by immersing virgin ACFC-10 in H2SO4 in 
a stainless steel autoclave.  The mixture was heated to 180 
o
C for 8 h, removed from the oven, 
cooled to room temperature, and washed with deionized water until neutral pH. 
 
3.2.2 Materials Characterization 
 
Bulk carbon, hydrogen, and nitrogen (CHN) analysis was performed at the University of 
Illinois (UI) Department of Chemistry Microanalysis Lab (CE-400 Elemental Analyzer, Exeter 
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Analytical, Inc.).  This instrument combusts the sample in pure O2 at 980 °C. CO2, H2O and 
NxOy are detected through a series of traps and thermal conductivity cells.  Oxygen in the sample 
is determined by mass difference.  The instrument has a detection limit of 0.10% and error of 
0.06% by mass for all measured elements.  
Surface elemental composition (C, O, N) of select materials was determined with X-Ray 
Photoelectron Spectroscopy (XPS, Kratos Axis Ultra).  XPS provided the elemental composition 
of carbons within 10 nm of the sample’s surface.  The C1s peak was adjusted to 285 eV before 
determining the distribution of oxygen functionalities.  Oxygen peak models were generated 
using CasaXPS Software.  Gaussian peaks were used to fit the data, and the full width at half 
maximum (FWHM) was set to be constant for all peaks in a given model. 
Fourier transform infrared (FTIR) spectroscopy is used to assess the development of 
oxygen functional groups on activated carbon samples.  Carbon (1 wt %) is mixed with FTIR-
grade potassium bromide (KBr) and ground to a fine powder.  The powder is pressed into a 
transparent sheet and analyzed against a pure FTIR-grade KBr background.  10 scans were used 
for each spectrum with a resolution of 2 cm
-1
. 
N2 adsorption/desorption was performed at 77 K using a surface analyzer (Micromeritics, 
ASAP 2010).  Samples were degassed under vacuum for > 16 h at 150 
o
C prior to analysis. 
Specific surface area was calculated by the BET method from relative pressures ranging from 
0.01 to 0.1, which allowed for high coefficient of determination (R
2
) values and positive BET 
constants (C).  Total pore volume was recorded at P/P0 = 0.98.  The 3D model provided 
micropore volume and pore width distributions [63].   
The pH value of the point of zero charge (pHPZC) for select carbons was measured with a 
pH meter (Thermo Orion 3 Star).  200 mg of sample was added to a vial with 10 mL of 
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deionized water.  The mixtures were stirred for > 24 h.  After the suspension settled, the pH of 
the solution was measured in triplicates and the average was taken as the pHPZC for that material.  
Select carbons were tested for total acidity using established titration methods [64-65].  
50 mg of carbon was stirred for 24 h in 5 mL of 0.05 M NaOH (calibrated using 0.05 M 
potassium hydrogen phthalate).  After stirring, the solution was isolated from the carbon using a 
syringe filter.  5 mL of 0.05 M HCl was then added to ensure acidity, followed by 3 drops of 
phenolphthalein indicator.  The solutions were then back-titrated using the prepared 0.05 M 
NaOH solution to determine the total acidity of the carbon materials. 
 
3.2.3  NO Oxidation Thermodynamic Modeling 
 
 Thermodynamic modeling of the NO oxidation reactions was completed using 
commercial ChemCAD software.  In these studies, simple and complex (more representative of 
actual flue gas streams) systems were considered, as described in Table 3-6. 
 
Table 3-6.  Inlet and outlet compositions used in ChemCAD thermodynamic models. 
System Inlet Allowed N-Containing Products 
Simple 
 NO (500 ppmv) 
 O2 (0 – 30 %) 
 N2 (Balance) 
 N2 
 NO 
 NO2 
Complex 
 NO (500 ppmv) 
 H2O (10%) 
 CO2 (12%) 
 SO2 (500 ppmv) 
 CO (100 ppmv) 
 O2 (0 – 20 %) 
 N2 (Balance) 
 N2 
 NO 
 NO2 
 HNO3 
 N2O 
 HNO2 
 N2O4 
 N2O5 
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3.2.4 NO Oxidation Catalytic Performance 
 
The NO oxidation system is described schematically in Figure 3-1.  Ultra zero air 
(99.9995%), ultra high purity nitrogen (99.999%), and certified 1000 ppmv NO in N2 were used 
as purchased.  Mass flow controllers controlled the NO and oxygen concentrations entering the 
reactor.  For high temperatures (400 
o
C), heating tapes connected to a proportional-integral-
derivative temperature controller (Love Controls, Series 16A) ensured a constant reactor 
temperature with variability observed to be about ± 0.2 
o
C.  For lower temperatures (50 
o
C), a 
controlled temperature water bath maintained constant reactor temperatures with variability 
observed to be about ± 0.4 
o
C. Stainless steel tubing was used throughout the system and a 
reactor by-pass line was included for calibrating concentrations.  A chemiluminescent 
NO/NO2/NOx detector (Thermo Scientific, 42i HL) calibrated for a maximum NOx concentration 
of 500 ppmv recorded NO and NOx concentrations, and determined NO2 by difference.  Unless 
otherwise noted, reactor temperature, inlet NO concentration, inlet O2 concentration, total gas 
flow rate, and gas space velocity were 50 
o
C, 400 ppmv, 10 % by volume, 0.1 standard liters per 
minute (SLPM), and 2.4 ×10
4
 cm
3
·g
-1
·h
-1
, respectively.  For all experiments, 250 mg of carbon 
was packed into a stainless steel reactor between layers of glass wool and wire mesh (Figure 3-
1).  Before the oxidation reactor was used, tests were completed to confirm that spontaneous 
conversion of NO to NO2 in 0 – 20 % O2 by volume was negligible. 
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Figure 3-1.  Schematic diagram of NO oxidation reactor; MFC = Mass Flow Controller. 
 
3.2.5 NO Oxidation Cycle Experiments 
 
 For NO oxidation cycle experiments, each cycle was run for 40 h at 50 
o
C in the gas 
stream described above.  The reactor containing the carbon was then removed from the water 
bath, wrapped with heating tape, and thermally degassed at 400 
o
C for 1.5 h in 100 mL/min N2.  
After degas, the reactor was cooled in N2, put back in the temperature controlled water bath (50 
o
C), and the inlet gas stream was restarted and stabilized using the bypass line around the reactor.  
Once stable, the subsequent NO oxidation cycle started.  NO2 breakthrough time is defined as the 
time from the start of an NO oxidation cycle until an outlet concentration of 1 ppmv NO2 is 
achieved.  NO2 release rate is defined as the maximum release rate for effluent NO2 during an 
oxidation cycle.  Time to achieve steady-state NO conversion is defined as the first time when 
the change in NO concentration is < 1 ppmv/hr.  
NO/NO2/NOx Detector
Controlled Temperature Heater:
Water Bath or Heating Tape
Stainless Steel
Reactor
Air
N2
NO/N2
MFC
MFC
MFC
Wire Mesh Wire MeshGlass WoolGlass Wool
Activated Carbon
Catalyst
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3.2.6 Carbon Treatments with Select Gases 
 
 To identify the impacts of different gas components on the physical and chemical 
properties of ACFC10-H, the carbon was treated with 100 mL/min of select gases, as described 
in Table 3-7.  Note that 205 ppmv NO2 is selected to simulate the NO2 concentrations produced 
via steady-state NO oxidation, as described herein. 
 
Table 3-7.  Treatment of ACFC10-H with select gas streams.  N2 is the balance gas for all 
mixtures. 
Gas 
Treatment 
Gas Description 
Time 
(h) 
Treatment 
Temperature 
(
o
C) 
NO+O2 
400 ppmv NO 
10% O2 by volume 
40 50 
NO2+O2 
205 ppmv NO2 
10% O2 by volume 
40 50 
NO2 205 ppmv NO2 40 50 
NO 400 ppmv NO 40 50 
O2 10% O2 by volume 40 50 
 
3.3 Results and Discussion 
 
3.3.1 Thermodynamic Modeling 
 
 Flue gas streams generated during combustion of hydrocarbon fuels with excess air are 
typically treated for removal of PM at 130 
o
C.  This condition is important because the proposed 
exothermic NO oxidation reactions should occur at the highest reasonable temperature that 
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allows for complete conversion of NO to NO2 while preventing degradation of the carbon 
through combustion [66].  This will reduce costs by decreasing energy consumption from gas 
cooling and preventing loss of catalyst activity.  In Figure 3-2, the equilibrium conversion of NO 
to NO2 is shown as a function of reactor temperature and oxygen concentration for a simple 
reaction system consisting of NO, O2, and N2.  In this simulation, the only product (not listed as a 
reactant) permitted to form was NO2 (Table 3-6).  Temperature and oxygen concentration results 
are consistent with previous researchers’ findings (Figure 3-2) [38].  
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Figure 3-2.  Equilibrium NO to NO2 conversion efficiencies at various temperatures and oxygen concentrations for a simple 
gas stream, as determined using ChemCAD thermodynamic modeling software.  In-laid graph provides results from a similar 
study as calculated and reported in Despres et al., 2004 for varying temperatures and oxygen concentrations, with encouraging 
agreement between the results [38]. 
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In this simple system, peak NO conversions to NO2 are obtained below 200 
o
C.  At these 
temperatures, > 99% conversion of NO to NO2 is thermodynamically possible and is nearly 
independent of oxygen concentration between l and 30 % by volume.  However, since these 
results represent thermodynamic equilibrium, the kinetics of the reactions are not described by 
the model and there is likely a strong dependence on the concentration of oxygen (or possibly 
gas phase oxygen radicals) in the system for the oxidation of NO.  It is encouraging that peak 
NO oxidation (> 99% conversion to NO2) occurs at a temperature where carbon is not expected 
to degrade (< 200 
o
C).  The highest conversions are obtained at low temperatures because the 
system is exothermic (i.e., heat is a product of the reaction), so carbon catalyst combustion 
should be avoidable.  This analysis, therefore, indicates that the ideal temperature to perform NO 
oxidation reactions is 100 
o
C – 150 oC.  Since these temperatures are near the temperature of a 
typical flue gas stream, this temperature range is appropriate because it allows for maximum (> 
99%) possible conversion of NO with minimal flue gas cooling, thereby keeping expenses as low 
as possible.  Theoretically, the carbon catalyst could be used upstream of other air quality control 
devices, where the temperature of the gas stream is 130 
o
C, and no additional cooling would be 
required.  It is likely, however, that to allow for realistic gas/carbon contact times (since the 
thermodynamic model assumes infinite residence times) and still obtain complete NO 
conversion, lower temperatures will need to be employed.  As might have been expected, NO 
conversion decreases with decreasing oxygen concentrations in the gas stream, however in the 
temperature range of interest, complete conversion is thermodynamically possible with as little 
as 1 vol% oxygen.  Flue gas streams generally contain 6 – 10 % by volume oxygen.   
 After establishing ideal temperatures in the simplified system, a more realistic scenario 
was tested, in which equilibrium NO conversions were calculated for a simulated flue gas stream 
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(Figure 3-3).  In this modeled system, water, CO2, SO2, and CO were present in addition to NO, 
O2, and a balance of N2 (Table 3-6).  In addition to the reactants, NO2, HNO3, N2O, HNO2, N2O4, 
and N2O5 were the products that were permitted to form in this complex system, though only 
NO2, HNO3, and N2O were calculated to be present in non-negligible concentrations in the 
product gas stream (Figure 3-3).  Temperatures between 100 and 200 
o
C were used based on 
previous results indicating that this temperature range would be optimal for NO oxidation in the 
simplified gas stream. 
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Figure 3-3.  Equilibrium nitrogen-compound concentrations for a simulated flue gas stream at varying temperatures and with 
varying oxygen concentrations as % by volume.
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Beyond the expected NO2 product, formation of HNO3 and N2O may be significant in a 
gas phase system containing actual flue gas components and at typical flue gas concentrations 
where ancillary pollution control devices are implemented.  However, since the proposed work 
includes a post-conversion water absorption system, formation of HNO3 will not have significant 
impact on the results, since it too is soluble in water, with a Henry’s Law coefficient over 1 
million times larger than the other possible gases in the system (Table 3-8).  Additionally, HNO3 
formation contributes < 5% of the total nitrogen species at ≥ 150 oC, so it should have minimal 
corrosive impacts on ductwork.  Formation of N2O may be problematic because it is a hazardous 
compound and a greenhouse gas, however, it too possesses a Henry’s Law coefficient larger than 
NO and NO2, so it may also be able to be removed through absorption, though not as readily as 
nitric acid (Table 3-8, with the Henry’s Law coefficient for SO2 included for benchmarking).  
Coal-fired power plants implementing SCR and FGD systems have been shown to have actual 
outlet flue gas N2O concentrations < 1 ppmv, with N2O removal efficiencies in the FGD system 
ranging from 13 – 50% [67].  As mentioned, previous results indicated that lower temperatures 
allow for increased NO conversions.  Therefore, since N2O production clearly decreases with 
decreasing temperature and increasing oxygen concentration, the expectation is that N2O 
formation will be low given the limited residence times (e.g., 5 sec), moderate to high oxygen 
concentrations (6 – 10 % by volume), and lower temperatures (< 100 oC) provided in the NO 
oxidation reactor.  Most importantly, at temperatures < 200 
o
C and realistic flue gas O2 
concentrations, overall conversion of NO to more water-soluble species is consistently > 99% at 
temperatures reaching as high as 200 
o
C, and overall NO conversion increases with decreasing 
temperature (Table 3-9).   
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Table 3-8.  Henry’s Law constants at room temperature for selected nitrogen/oxygen 
compounds with SO2 included for benchmarking. 
Compound 
Henry’s Law Constant        
(KH, M/atm) 
Reference 
NO 1.9 * 10
-3
 [30] 
NO2 1.2 * 10
-2
 [32] 
N2O 2.5 * 10
-2
 [32] 
HNO3 2.1 * 10
5
 [32] 
SO2 1.2 [33] 
 
 
 
Table 3-9.  Overall equilibrium NO conversion for simulated flue gas corresponding to 
Figure 3-3. 
Temperature (
o
C) 
Outlet [NO]  
@ 10% by volume O2 
(ppmv) 
Overall NO Conversion  
@ 10% by volume O2 
(%) 
100 0.1 99.98 
150 5 99.80 
200 10 98.92 
 
 
 
The selectivity plot in Figure 3-4 indicates that NO2 is more likely to form (as opposed to 
N2O or HNO3) at increased temperatures, leveling out at a maximum value of 90% NO2 for gas 
streams at 150 – 200 oC that contain realistic oxygen concentrations.  This results because HNO3 
formation is only significant at low temperatures, in particular at T ≤ 100 oC.  Since formation of 
HNO3 is not expected to be problematic due to its high solubility in water, the selectivity to form 
NO2 or HNO3 at low temperatures appears acceptable, as long as formed HNO3 concentrations 
are not significant enough to cause corrosion in ductwork. 
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Figure 3-4.  Selectivity to oxidize NO directly to NO2 as a function of temperature and inlet 
oxygen concentration. 
 
 
3.3.2  Preliminary NO Oxidation Reactor Testing 
 
 Prior to carbon-catalyzed NO oxidation testing, empty bed tests were completed to 
confirm negligible formation of NO2 due to uncatalyzed reactions between NO and O2 (Figure 3-
5).  These tests were performed at room temperature because previous research as well as 
thermodynamic calculations support that NO is most likely to react with O2 at low temperatures 
(Figure 3-2).  NO inlet concentrations were controlled between 100 and 80 ppmv as the O2 
concentration increased from 0 to 20% by volume.   
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Figure 3-5.  Empty bed reactor tests confirming that spontaneous NO oxidation is 
negligible at low temperatures.  Highlighted region corresponds to actual oxygen 
concentrations in a flue gas stream. 
 
Even at 20% by volume O2, uncatalyzed oxidation of NO was minimal (< 2%), confirming that 
any NO oxidation observed in this reactor when carbon is present can be attributed almost 
exclusively to reactions with carbon.  For gas streams containing 6 – 10 % O2 by volume, 
spontaneous oxidation of NO was negligible at room temperature with reactor residence times < 
5 sec.  These results justify the continued use of the NO oxidation reactor for carbon-catalyzed 
tests, indicating that all observed oxidation can be attributed to the carbon catalyst, as opposed to 
non-catalyzed NO/O2 reactions.  They also show that the detector’s response time is quite fast 
and capable of detecting rapid changes in NOx concentrations. 
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3.3.3  Benchmarking Tests and NO Oxidation by Unique Carbon Materials   
 
 Upon demonstrating that spontaneous NO oxidation is negligible under the worst case 
scenarios (room temperature, excess oxygen conditions), NO oxidation tests using carbon-based 
materials were performed with the goal of reproducing work published by Mochida et al. (1997) 
[50].  This was done to benchmark and confirm the accuracy of the system.  A single test using 
untreated ACFC-15 (produced by American Kynol) was used to reproduce work from Mochida 
et al. (1997) (Figure 3-6) [50].  Inlet NO concentration, temperature, carbon mass in reactor, 
carbon catalyst mass to volumetric flow rate ratio (W/F), and oxygen concentration were 380 
ppmv, 24 
o
C, 1 g, 0.01 g/sccm, and 10%, respectively – all of which match conditions used by 
Mochida et al. (1997) [50].   
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Figure 3-6.  Reproduction of work from Mochida using newly built NO oxidation reactor 
and detection system; steady-state NO conversion of 90% is observed after 40 h [50]. 
 
 
 
Mochida et al. report a steady-state NO conversion of 90% when using pitch-based activated 
carbon fiber (ACF) [50].  In this work, a novoloid-based ACF provides identical NO conversion 
under a similar time-scale.  The temporal profile of NO concentration is also the same shape as 
Mochida’s results, where an initial NO concentration drop, followed by a gradual increase then 
decrease in concentration is noted.  This reproduction of previous data confirms the accuracy of 
the carbon catalyst testing rig, allowing it to be used to determine the NO oxidation activity of 
other carbon-based materials. 
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 The benchmarking tests provided justification to investigate alternative carbon materials 
as NO oxidation catalysts.  Therefore, preliminary experiments occurred to evaluate the ability of 
custom (USP Fe-C, see Chapter 2) and commercially available carbon-based materials (e.g., 
carbon fibers, carbon beads) to catalytically oxidize NO to NO2 (Table 3-10).  These experiments 
used carbons of select physical form, surface area, chemical composition, and pore size 
distribution to characterize how different carbons perform in room temperature NO oxidation 
experiments.  Identical conditions were used as the previous benchmarking test, except that only 
250 mg of total catalyst mass was added to the reactor to more rapidly achieve steady-state 
conversion.  One sample, described as USP Fe-C in Table 3-10, consisted of a micro/mesoporous 
carbon support impregnated with iron oxide (magnetite) nanoparticles.  This material was 
synthesized in the laboratory using the USP technique described previously that allows for 
control over relevant impregnated carbon catalyst properties.  The goal of these preliminary 
experiments was to identify optimal carbons to use for the more in depth experiments to come. 
 
Table 3-10.  Steady-state NO conversions and physical characteristics of select carbon-
based materials from preliminary experiments.  All tests used 250 mg total catalyst mass, 
100 cm
3
/min flow rate, 380 ppmv NO, 10 % by volume O2. 
 
Material Morphology 
Surface Area 
(m
2
/g) 
Micropore  
Volume  
(cm
3
/g) 
Steady-State  
NO Conversion  
(%) 
USP Fe-C 
Powder,               
dp < 3 μm 
350 0.22 34 
Ambersorb 600 
Beads,             
Avg. dp = 0.65 mm 
580 0.23 51 
Novoloid – 
ACFC 15 
Cloth, 
dp fiber = 12 μm         
packed strips,        
3 cm x 0.5 cm 
1260 0.60 77 
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These initial experiments confirm that even moderate to low surface area and low 
micropore volume carbons (USP Fe-C and Ambersorb) are capable of catalyzing the NO to NO2 
reaction.  While the carbon with the highest surface area and micropore volume (ACFC-15) 
converted the largest amount of NO into NO2, the relationships between NO conversion and 
these variables does not appear linear based on this limited data set.  These tests, however, 
identify high surface area and microporous carbons as preferred NO oxidation catalysts.  
Furthermore, they provide no motivation to further pursue iron-impregnated porous carbons as 
NO oxidation catalysts.  As such, the NO oxidation tests described herein will not focus on 
impregnated carbons and instead delve deep into the impacts of the physical and chemical 
properties of direct carbon catalysts (as opposed to carbon-supported catalysts).  Perhaps the 
most obvious result of these preliminary tests is that, as expected, different carbon-based 
materials behave differently as NO oxidation catalysts, and these differences should be 
highlighted and quantified experimentally.   
 
3.3.4 Assessing Mass Transfer and Internal Diffusion Limitations  
 
 To maximize NO oxidation efficiency and minimize reactor size and pressure drop, it is 
important to identify mass transfer limitations compared to surface reaction limitations.  This is 
accomplished by altering the catalyst size while maintaining a constant mass to flow ratio (W/F) 
and assessing the impact on NO oxidation. 
Virgin ACFC10 (ACFC10-V) was prepared as strips (cm size scale), small pieces (mm 
size scale), and a fine powder (sub-mm size scale).  250 mg of each of these carbons with 
different physical forms was tested for NO oxidation to assess the impact of mass transfer 
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compared to surface reactions.  The idea is that as the characteristic size of the catalyst decreases, 
surface reactions will become less relevant if they limit the rate of NO oxidation compared to 
mass transfer.  Results from this set of experiments are described in Figure 3-7. 
 
 
Figure 3-7.  Effluent NO (solid lines), NO2 (dotted lines), and NOx (dashed lines) 
concentration profiles for NO oxidation catalyzed by carbon strips, pieces, and powder. 
 
 Despite their order of magnitude difference in characteristic size, the carbon strips and 
carbon pieces perform near identically in the NO oxidation experiment.  Both materials have a 
steady-state conversion efficiency of 63%.  The carbon powder performs at a lower conversion 
efficiency (55%) than the other larger scaled materials, and it also desorbs NO2 more slowly.  
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Note that the onset of NO2 release is constant for the three samples.  It is speculated that the 
decrease in performance for the powder is due to the emergence of increased pressure drop, 
resulting in lower conversion efficiency.  Overall, however, these results highlight that the 
carbon-catalyzed NO oxidation reactions are not influenced by mass transfer limitations resulting 
from hindered internal diffusion for the carbon fiber strips and pieces.  The results also show 
possible drawbacks of using a packed carbon powder as the NO oxidation catalyst. 
 
3.3.5 Assessing the Impact of Carbon’s Physical Properties on NO Oxidation 
 
 The physical and bulk chemical properties of as-received (virgin, V) and hydrogen 
treated (H) carbon materials are included in Table 3-11, and the micropore width distributions of 
the hydrogen treated materials are described in Figure 3-8.  Since the materials originate from 
different precursors, there are differences in the initial chemical composition of the four 
materials.  Treatment with acid and hydrogen, however, allows for a more similar chemical 
composition of the carbons while approximately maintaining their initial physical properties.  
 
Table 3-11.  Physical and chemical properties of virgin and hydrogen treated carbons. 
Carbon 
Physical Properties Bulk Chemical Properties 
Surface 
Area 
(m
2
/g) 
Pore 
Volume 
(cm
3
/g) 
Micropore 
Volume 
(cm
3
/g) 
Mean 
Micropore 
Width 
(nm) 
Mean 
Pore 
Width 
(nm) 
C  
(wt %) 
H  
(wt %) 
N  
(wt %) 
O  
(wt %)
A
 
ACFC10-V 1010 0.40 0.40 0.75 0.75 94.0 0.83 0.13 5.1 
ACFC10-H 1200 0.47 0.47 0.67 0.67 96.6 0.77 0.33 2.3 
ACFC20-V 1810 0.93 0.93 0.95 0.96 94.5 0.69 0.48 4.3 
ACFC20-H 1610 0.82 0.82 0.95 0.95 96.7 0.76 0.13 2.4 
F400-V 990 0.47 0.45 0.83 1.1 89.4 0.41 1.0 9.2 
F400-H 960 0.49 0.45 0.88 1.4 90.7 0.46 1.1 7.7 
DarcoFGD-V 520 0.47 0.27 0.99 3.6 65.1 0.58 0.53 33.8 
DarcoFGD-H 730 0.61 0.34 0.89 4.0 81.1 0.66 0.85 17.4 
A
  Oxygen content determined by difference 
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Figure 3-8.  Cumulative pore volume (cm
3
/g) as a function of micropore width (nm) for 
hydrogen treated carbons. 
 
While the bulk chemical composition of the four carbons are not identical after the acid 
and hydrogen treatments, the carbons are assumed to be similar enough that the focus of these 
experiments can be on the different physical properties of the four materials (Table 3-11).  It is 
clear, however, that even after the standardizing surface treatments, the oxygen content of the 
coal-based samples remains larger (13% by mass) than the novoloid fiber-based samples (2% by 
mass).  The potential impacts of these oxygen groups will be discussed later.  Note that for 
ACFC10, DarcoFGD, and F400, the increase in nitrogen content after acid and hydrogen 
treatments is consistent with other studies [68].  It may be due to residual nitrate groups left on 
the carbon surface after acid treatment or due to stable nitrogen functionalities being 
incorporated into the structure during acid treatment.  This effect is considered small compared 
to the changes in relative carbon and oxygen contents. 
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As noted, these commercially available carbons were selected to cover a wide range of 
pore widths (Table 3-11).  ACFC10-H and ACFC20-H are 100% microporous; ACFC10-H has 
the narrowest micropores (0.67 nm), and ACC20-H has the highest micro- and total pore volume 
(0.82 cm
3
/g) of the hydrogen treated materials.  F400-H is 8.1% mesoporous with an average 
pore width of 1.4 nm, while DarcoFGD-H is 43.8% mesoporous with an average pore width of 4 
nm.   
Hydrogen-treated carbon materials described in Table 3-11 were tested for NO oxidation 
at 50 
o
C with 10% oxygen by volume and 400 ppmv NO in the inlet stream.  While Mochida’s 
experiments used 1 g of carbon ([50], reproduced in Figure 3-6), results presented herein use 250 
mg.  This results in lower overall NO oxidation efficiencies, but allows for more distinguishable 
changes resulting from the changing carbon properties.  Results available in the literature clearly 
describe higher NO oxidation efficiency with increased gas hourly space velocity (by mass) [51].  
NO concentration profiles and NO2 concentration profiles from the effluent gas stream when 
using hydrogen-treated carbons are available in Figure 3-9.  50 
o
C is selected as the reaction 
temperature to stay consistent with other studies in the literature pertaining to carbon catalyzed 
NO oxidation and to increase NO conversion compared to using more realistic flue gas 
temperatures [34]. 
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Figure 3-9.  NO (top) and NO2 (bottom) effluent concentration profiles for hydrogen-
treated carbons with varying physical properties. 
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Steady-state NO conversion (t > 25 h) is highest for ACFC10-H, followed by ACFC20-
H, F400-H, and DarcoFGD-H.  These results suggest that pore width is the most influential 
physical property in determining total NO conversion at steady-state, for these tested conditions.  
Steady-state NO conversion increases with decreasing mean pore width for the selected carbons.  
While ACFC20-H has nearly double the micropore volume of ACFC10-H (Figure 3-8), its 
steady-state NO conversion is notably lower.  The increase in pore volume is attributed to 
ACFC20-H having an increased number of larger diameter micropores.  These results suggest, 
therefore, that additional porosity is not as beneficial for high efficiency co-adsorption of NO 
and O2 if the pores have larger pore widths, as is the case for ACFC20-H compared to ACFC10-
H and as was initially hypothesized by Mochida et al. [51].  For this same reason, F400-H and 
DarcoFGD-H are still able to sustain notable NO oxidation (41% and 32%, respectively) since, 
while their pore size distributions consist of a significant mesoporous component, they still have 
micropore widths that are comparable, or even slightly smaller, in size to ACFC20-H.  These 
results suggest that narrower micropores of the sizes tested here allow for more intimate contact 
between the two gas phase reactants, which catalyzes the oxidation reaction more rapidly and 
allows for higher NO conversions.  The sum of the molecular diameters of NO and O2 is 0.56 
nm, which is smaller than even the smallest mean pore widths available in the four selected 
carbons [69]. 
The temporal changes in NO concentration for these carbons are all similar in shape 
(rapid decrease in concentration assumed to be due to physical adsorption, steady increase in 
outlet NO as adsorption sites fill, then a peak in NO just before NO2 desorption begins and 
additional adsorption sites become available) and steady-state NO concentrations are achieved 
after more than 20 h for all four materials (Figure 3-9, Table 3-12).  These concentration profiles 
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are consistent with results and interpretations originally presented by Mochida and colleagues 
[34, 50-51].  Figure 3-9 and Table 3-12 also show that NO2 is first detected in the outlet gas 
stream after 5 ± 1 h of reaction time for all four materials, regardless of steady-state conversion.  
This suggests that physical properties of these carbons have little impact on the time required to 
achieve steady-state NO oxidation or the time required to begin NO2 desorption from carbon, but 
have a controlling impact on apparent NO oxidation reaction rates.  Furthermore, this supports 
that the varying bulk chemical properties of the four carbons (namely, the increased oxygen 
content of the coal-based carbons compared to the novoloid materials) does not significantly 
impact the time required to release NO2 or reach a steady-state oxidation scenario when 
compared to pore width for the conditions and materials tested here.  NO conversion can be 
improved by increasing the volume of narrow micropores in a carbon material (Table 3-12, 
Figure 3-9). 
 
Table 3-12.  NO oxidation results summary for all tested materials. 
Carbon 
Average 
Pore Width 
(nm) 
NO2 
Breakthrough 
Time 
(h) 
Time Until 
Steady-State 
(h) 
Steady-State 
NO 
Conversion 
(%) 
ACFC10-H 0.67 5.4 28.4 56 
ACFC20-H 0.95 5.9 30.8 45 
F400-H 1.4 5.9 20.4 41 
DarcoFGD-H 4.0 4.5 22.6 32 
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3.3.6 NO Oxidation Cycle Experiments 
 
For catalyzed processes, it is important to understand the longevity of the catalyst 
material.  In this work, cycle experiments were used to investigate the lifetime of activated 
carbon used as an NO oxidation catalyst.  These cyclic experiments also allowed for 
investigations of carbon’s chemical and physical properties during NO oxidation.  In particular, 
the cycles highlight the continuous evolution of oxygen functionalities on the surface of the 
carbon.  Figure 3-10 describes the outlet NO and NO2 concentration profiles during four 
consecutive NO oxidation cycles with thermal degassing between cycles.  While earlier 
experiments (Figure 3-9) used different carbons with varying physical properties, here a single 
carbon is tested to minimize the impacts of changing physical properties and to focus on the 
impact of multiple NO oxidation cycles with the same carbonaceous material. 
 
 
 
 
 
 
 
106 
 
 
 
Figure 3-10.  NO (A) and NO2 (B) effluent concentration profiles from four consecutive NO 
oxidation cycles (Inlet [NO] = 400 ppmv, Total Flow Rate = 0.1 SLPM).  
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 The NO and NO2 concentration profiles for Cycle 1, as described in Figure 3-10, are 
consistent with the literature [34, 60] but are described here briefly to better interpret the results 
of this work.  A rapid decrease from the inlet NO concentration (< 0.5 h) is attributed to physical 
adsorption of the gas into the carbon’s micropores.  As available adsorption sites decrease, a 
gradual increase in outlet NO concentration is noted.  A decrease in NO concentration begins 
shortly after NO2 is first detected, formed from reactions between co-adsorbed NO and O2.  As 
NO2 desorbs from the carbon’s micropores, additional sites become available for further NO and 
O2 co-adsorption.  After prolonged reaction time, NO oxidation reaches steady-state.  
Several qualitative observations are noted based on the data described in Figure 3-10.  
The NO concentration peak occurs more rapidly with subsequent oxidation cycles, and the 
magnitude of the peak decreases with subsequent cycles, consequently resulting in less total area 
under the NO concentration profile with subsequent experiments despite relatively constant 
steady-state conversion rates (48.5 ± 1.6 µmol/h), implying that the steady-state conversion rate 
of NO is achieved more readily.  Additionally, for all four cycles, the peak seen in the NO 
concentration profile corresponds with the exact time that the maximum NO2 desorption rate is 
achieved.  For NO2 concentration profiles, NO2 breakthrough is earlier for subsequent oxidation 
cycles, and the rate of NO2 release, upon initial NO2 desorption, also increases.  These results are 
in stark contrast to the experiment presented in Figure 3-9, where the steady-state NO conversion 
varied but the kinetic parameters (i.e., time to achieve steady-state, time to release NO2) showed 
less variability. 
Quantitative information relating to the cyclic experiments described in Figure 3-10 is 
available in Table 3-13.  With subsequent reaction cycles, the overall kinetic performance of NO 
oxidation over activated carbon improves.  NO2 breakthrough occurs 65% sooner for the fourth 
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reaction cycle compared to the initial cycle.  The time to achieve steady-state conversion is 45% 
less for the fourth reaction cycle compared to the initial cycle.  In spite of these unsteady kinetic 
variables, steady-state NO oxidation conversion rates remain constant (48.5 ± 1.6 µmol/h) for all 
cycles.  With increasing number of reaction cycles, the kinetic performance of the carbon 
catalyst is clearly impacted more significantly than the catalyst’s overall steady-state NO 
conversion rate, which shows no distinct trends. 
 
Table 3-13.  Quantitative analysis of the NO oxidation cycle data presented in Figure 3-10. 
Cycle # 
NO2 
Breakthrough 
Time 
(h) 
Maximum NO2       
Concentration 
Change
 
(ppmv/h) 
 Time to 
Achieve 
Steady-State  
(h) 
Steady-State 
NO Oxidation     
Conversion Rate  
(µmol/h)  
NO 
Conversion  
(%) 
1 4.3 24.5 22.4 46.9 47.5 
2  2.5  31.7 14.5  49.3  49.8 
3  1.9  38.4 14.6  50.1  50.4 
4 1.5 46.5 12.2 49.5 50.0 
 
To better understand the changing NO and NO2 concentration profiles as well as the 
sorption-reaction behavior of the catalytic system, the physical and chemical properties of the 
fresh and reused carbons were analyzed (Table 3-14).  The bulk oxygen content of the carbon 
increases by 280% after four reaction cycles, from an initial value of 2.27% for ACFC10-H to 
8.61% for the ACFC10-H that underwent four NO oxidation cycles.  The most drastic increase 
occurs after the initial cycle, and then smaller gains are noted in subsequent cycles.  FTIR is also 
used to assess oxygen functional groups (Figure 3-11).  It is clear that there is a distinct increase 
in C=O/O-H and C=O from the untreated sample to the 4-cycle treated sample, however, the 
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relatively low resolution of the technique prevents quantification of the differences and prevents 
clear distinction between the results from consecutive cycles (Figure 3-11).  For identification of 
oxygen functionalities, FTIR data is therefore used qualitatively only, as quantification proves 
difficult and likely inaccurate.
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Table 3-14.  Bulk chemical and physical properties of ACFC10-H before and after NO oxidation cycle experiments and gas 
treatments. 
Description 
of Sample 
Treatment 
ACFC10-H 
Treatment 
Carbon 
(wt %) 
Hydrogen 
(wt %) 
Nitrogen 
(wt %) 
Oxygen 
a
 
(wt %) 
O/C Ratio 
Surface 
Area 
(m
2
/g) 
Total Pore 
Volume 
(cm
3
/g) 
Micropore 
Width 
(nm) 
NO 
Oxidation 
Cycles 
Cycle 0 96.63 0.77 0.33 2.27 0.023 1200 0.47 0.67 
Cycle 1 92.50 0.45 0.73 6.32 0.068 920 0.34 0.68 
Cycle 2 91.62 0.43 0.80 7.15 0.078 1110 0.41 0.67 
Cycle 3 91.46 0.43 0.81 7.30 0.080 1100 0.39 0.70 
Cycle 4 89.98 0.48 0.93 8.61 0.096 1230 0.43 0.70 
          
Gas 
Treatments 
NO+O2+N2 89.88 0.63 0.86 8.63 0.096 920 0.34 0.68 
NO2+O2+N2 88.47 0.42 0.84 10.27 0.12 990 0.36 0.69 
NO2+N2 88.82 0.47 0.87 9.84 0.11 980 0.36 0.67 
NO+N2 96.82 0.55 0.62 2.01 0.021 1160 0.41 0.70 
O2+N2 97.71 0.64 0.51 1.14 0.012 1020 0.36 0.70 
a
  Oxygen wt % determined by difference
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Figure 3-11.  FTIR spectra for untreated ACFC10-H (Cycle 0) and NO oxidation cycle 
samples. 
 
As previously mentioned, these results are consistent with previous studies for single 
cycle tests [60], but continued increases in oxygen content with multiple cycle experiments had 
not been previously reported in the literature.  Zhang et al. speculated that the development of 
oxygen groups was caused by reactions between recently-formed NO2 and the reducing carbon 
surface, resulting in an oxidized carbon surface for one cycle [60].  This surface oxidation 
mechanism is supported with results presented here and particularly notable in the initially low 
oxygen content ACFC that was used in the experiments reported here.   
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To confirm Zhang et al.’s hypothesis that surface oxidation is caused by NO2 formed 
during NO oxidation reactions, ACFC10-H was treated with select gas mixtures at 50 
o
C for 40 h 
(Table 3-7) [60].  The bulk chemical composition and the physical properties of these treated 
materials are also available in Table 3-14.  Based on these results, it is clear that carbon surface 
oxidation only occurs when the carbon is exposed to NO2; individually, NO and O2 have no 
detectable impact on the final chemistry of the used carbon catalyst.  Carbon exposed to only 
NO2 diluted in N2 (205 ppmv) becomes oxidized (9.8% oxygen by mass) to a similar extent as 
carbon exposed to the NO oxidation conditions (400 ppmv NO + 10% O2 by volume) (8.6% 
oxygen by mass) described here or carbon exposed to NO2 with 10% O2 (10.3% oxygen by 
mass).  Reduction of NO2 to NO due to reaction with the carbon surface results in the formation 
of carbon-oxygen complexes.   Meanwhile, carbon treated with 400 ppmv NO (without oxygen 
present, thereby preventing NO2 formation) or carbon treated with only oxygen at 50 
o
C show no 
detectable occurrence of surface or bulk oxidation.   
The increase in bulk oxygen content of carbon NO oxidation catalysts is expected to 
impact the NO/NO2 adsorption/desorption kinetics, thereby decreasing the breakthrough time 
necessary to first release NO2 (Table 3-13).  Additionally, these oxygen groups are expected to 
be the cause of the higher NO2 release rates that are seen in NO oxidation cycles (Table 3-13).  
As the carbon surface becomes more oxidized, the potential sites for additional surface oxidation 
by NO2 decrease – already oxidized active sites on carbon will not be re-oxidized in subsequent 
NO oxidation cycles.  This important chemical change explains, for the first time, the noted 
decrease in the time required for the NO oxidation system to reach steady-state.  The 
combination of increased NO2 desorption rates and decreased reduction of NO2 (or, perhaps 
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more importantly, increased formation of the NO reactant) allows the system to more rapidly 
achieve steady-state conversion.   
The impacts on adsorption/desorption kinetics are far more recognizable than any 
changes to the steady-state NO conversion rate of the catalyst.  Adapa et al. hypothesized that, 
when comparing a lab-prepared activated carbon fiber (ACF) containing 17.1 wt % O and a 
commercially available ACF containing 28.8 wt % O, added oxygen functionalities on the 
commercially available ACF decreased the NO conversion of the material by almost 10% [53].  
For the conditions tested here, it is clear that oxygen groups added to the carbon surface during 
cyclic oxidation experiments cause a negligible change (< 3%) in steady-state NO conversion, 
consistent with the results presented by Zhang et al. [60].  This may be because the added 
surface functional groups do not significantly alter the physical properties of the carbon (Table 3-
14), which was shown to be the dominating variable controlling the NO conversion efficiency of 
carbon-based catalysts [53].  It is worth noting that after the initial NO oxidation cycle, the 
surface area of the carbon increases, potentially due to carbon losses during thermal desorption 
cycles at 400 
o
C.  However, the average micropore width does not change significantly (< 5%) 
from cycle to cycle – potentially explaining the relatively constant NO conversions (Table 3-14).  
It is possible that the differences in NO conversion observed and reported by Adapa et al. were 
more due to the differences in the physical properties (i.e., mean micropore width) of the tested 
carbons than the different chemical properties, specifically the concentration of oxygen 
functional groups, of the materials. 
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3.3.7 Impact of Oxygen Functionalities on NO Oxidation 
 
The NO oxidation cycle experiments suggest that the kinetic parameters associated with a 
particular carbon (i.e., time to achieve steady-state NO conversion, time to release NO2, and NO2 
release rate) are dependent on the oxygen content of the material, as determined by bulk CHN 
analyses.  Results presented here are consistent with those presented by Zhang et al. who 
claimed the dependence of NO2 release time on the concentration of surface oxygen groups (as 
determined by temperature programmed desorption) of the carbon [60].  As more NO oxidation 
cycles are run, as demonstrated here, the ACFC10-H continues to develop surface oxygen 
functionalities, and, correspondingly, the time required to first release NO2 decreases with 
subsequent cycles.  Furthermore, these results build upon Zhang et al.’s initial study by also 
showing the dependence of time to reach steady-state on the carbon’s initial concentration of 
oxygen.  Again, it is hypothesized that the time to achieve steady-state NO oxidation decreases 
because the increasingly oxidized carbon is less likely to cause reduction of NO2 by the carbon 
surface allowing the system to stabilize more rapidly.  It is clear that the development of these 
particular oxygen functionalities is causing the carbon to improve with additional cycles.  It 
would be expected, then, that a tailored carbon material that contains significant oxygen content 
in its as-prepared state would be preferred as the catalyst for the NO oxidation reaction. 
To test this hypothesis, three carbons with select oxygen content (DarcoFGD-H, 
ACFC10-O, and ACFC10-H treated with three NO oxidation cycles, denoted as ACFC10-3
rd
) 
were prepared and compared to the low oxygen content ACFC10-H carbon sample.  Figure 3-12 
and Table 3-15 describe the NO2 release profiles and the quantitative kinetic data for this set of 
carbons, respectively.   
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Figure 3-12.  NO (A) and NO2 (B) effluent concentration profiles for select carbons. 
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Table 3-15.  Bulk oxygen content, acid/base properties, NO2 breakthrough time, and time 
to achieve steady-state NO conversion for carbons described in Figure 3-12. 
Carbon Sample 
Oxygen  
(wt %) 
Point of Zero 
Charge 
(pHPZC) 
NO2 
Breakthrough 
Time 
(h) 
Time to 
Achieve 
Steady-State           
(h)  
ACFC10-H  2.3  9.1  4.3  21.6 
DarcoFGD-H  17.4  8.4  3.7  22.5 
ACFC10-O  7.2  6.0  1.5  15.8  
ACFC10-3
rd
 7.3 6.4 1.5 12.2 
 
Results in Figure 3-12 and Table 3-15 suggest that the relevant kinetic data are not 
dependent on the bulk oxygen content of the carbon catalyst.  Rather, the overall surface charge 
of the activated carbon, which is represented by the pHPZC of the material, appears to be the 
controlling variable.  A low pHPZC value (< 7) implies that the carbon surface is acidic, generally 
indicating that acidic functional groups are present and hydrophilic.  DarcoFGD-H contains 
significantly more bulk oxygen content (17.4%) than the other three carbons (≤ 7.3%) described 
in Table 3-15.  The kinetic performance of DacroFGD-H, however, is quite similar to ACFC10-
H, the carbon containing the lowest amount of bulk oxygen.  ACFC10-O and ACFC10- 3
rd
 also 
perform similarly in terms of time to achieve steady-state and NO2 breakthrough time, which are 
smaller than those of ACFC10-H and DacroFGD-H.  The similarity between the NO2 release 
profiles for ACFC10-3
rd
 and ACFC10-O is notable.  The impact of oxygen groups added during 
NO oxidation cycles is quite similar to the impact of oxygen added via HNO3 treatment.  This is 
likely due to similar chemical functional groups involved in the two processes, as discussed later.  
Clearly, the bulk oxygen content inherently present in the coal-based DarcoFGD-H does not 
have the same impact on NO2 release or times required to achieve steady-state.  It should also be 
mentioned that DarcoFGD-H is believed to have notably lower steady-state conversion than the 
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fibrous samples because it contains a significant mesoporous component and has a larger average 
micropore width (Table 3-11)  [50].  These different physical properties, however, are not 
believed to impact the NO2 breakthrough time or the time to achieve steady-state, as was shown 
in an earlier section of this chapter [70]. 
These analyses indicate that the acid/base properties of the carbon, and not necessarily 
the bulk oxygen content, impact reaction times and other kinetic parameters.  ACFC10-H and 
DarcoFGD-H are basic carbons and require extensive time to release NO2 and achieve steady-
state NO oxidation, despite having vastly different oxygen contents.  ACFC10-O and ACFC10-
3
rd
 are acidic carbons that show decreased times to release NO2 and achieve steady-state.  These 
kinetic parameters are dependent on the concentration of acidic oxygen functionalities on the 
surface of the carbon, and the corresponding pHpzc of the material.  It follows, then, that the 
oxygen functionalities added during NO oxidation reactions are acidic in nature and comparable 
to the functionalities added via HNO3 treatment of carbons. 
To confirm the role that acidic surface functional groups play in the NO oxidation 
mechanism, the cyclically treated carbons as well as the hydrogen- and oxygen-treated carbons 
were analyzed by XPS and titrations to identify and quantify surface oxygen functionalities 
(Table 3-16, Figures 3-13 and 3-14).  XPS spectra with corresponding oxygen peak models for 
this set of carbons are included in Figure 3-14.  For all cycle samples, the carbon to oxygen 
(C/O) ratio was higher for bulk analyses (CHN) than surface analyses (XPS), indicating that the 
NO oxidation cycles are preferentially adding oxygen to the surface of the carbon compared to 
the bulk. 
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Table 3-16.  Total acidity of NO oxidation catalysts with identity and relative concentration 
of oxygen functional groups.   
   
Relative Atomic Concentrations                                  
(% by XPS peak models)* 
Carbon 
Description 
Carbon 
Sample 
Total 
Acidity 
(mmol/g) 
C-C  
& 
C=C 
a
 
C-O 
b
 C=O 
c
 COOH 
d
 
CO3 
& 
CO2 
e
 
Plasmon 
f
 
Surface 
Treated 
ACFC10 
ACFC10-H 0.00308 86.19 10.57 3.24 0 0 0 
ACFC10-O 0.843 72.98 13.36 6.28 4.25 2.86 0 
         
ACFC10-H 
after NO 
Oxidation 
Cycles 
Cycle 1 0.558 82.33 10.91 4.05 1.26 1.45 0 
Cycle 2 0.687 78.01 12.61 4.83 2.33 2.21 0 
Cycle 3 1.00 77.74 12.82 4.42 3.25 1.77 0 
Cycle 4 1.16 68.89 14.57 7.09 3.67 3.44 2.34 
* 
 Peak identities are used as reported in Desimoni et al., 2004 [71].
 
a
  285.0 eV:  C-C and C=C, Graphitic Carbon 
b
  286.3 eV:  C-O, Phenol, Pyran, Ether, or Alcoholic Hydroxyl 
c
  287.5 eV:  C=O, Carbonyl or Quinone 
d
  289.1 eV:  COOH, Carboxyl, Carboxyl Anhydride, or Ester 
e
  290.7 eV:  Carbonate, Adsorbed CO2 
f
  291.5 eV:  Plasmon 
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Figure 3-13.  Distribution of oxygen functional groups on ACFC10 samples treated with H2 
(ACFC10-H), HNO3 (ACFC10-O), or up to 4 NO oxidation cycles (ACFC10-H Cycle 1-4).   
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Figure 3-14.  XPS spectra for ACFC10-H, ACFC10-O, and ACFC10-H after NO oxidation 
cycles, including the fitted peak model data.  
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 Acidic surface oxygen functionalities, specifically COOH groups, are generated and 
increase with subsequent NO oxidation cycles, explaining the observed improvements in the NO 
cyclic oxidation.  After NO oxidation experiments, there is an increase in the concentration of C-
O (34% increase after 4 cycles), C=O (75% increase after 4 cycles), and COOH (191% increase 
after 4 cycles) surface functionalities, supporting the increased acidity of the carbon (Figure 3-
14).  Results indicate that similar functionalities are added to the carbon catalyst surface when 
the carbon is treated with NO2 via NO oxidation reactions or with concentrated HNO3.  This 
implies that the effects of treating carbon with NO2(g) and HNO3(l) are similar in terms of the 
developed surface functional groups.  This is also the reason why four NO oxidation cycles were 
used in this set of experiments.  Additional cycles were not pursued because the similarities 
between the acid-treated carbon and the 4-cycle carbon allowed for rapid comparisons between 
lab-prepared and NO oxidation cycle carbons.  This further supports the previous conclusion that 
surface oxidation of the carbon is due to NO2 reduction and that these reactions generate a more 
acidic activated carbon.  XPS results indicating increasing acidity on cyclic carbons were 
corroborated using titrations to determine total carbon acidity (Table 3-16).  The total number of 
acid groups increases as the carbon undergoes more NO oxidation cycles, supporting the XPS 
findings.  Carbons that underwent three or four NO oxidation cycles were more acidic than 
carbon prepared via HNO3(l) treatment. 
It is worth noting that XPS data do not support the addition of any nitrogen surface 
functionalities during NO oxidation cycles or nitric acid treatments, contrary to the results of 
CHN analyses (Table 3-14).  It is likely that the small (0.6% total, after 4 NO oxidation cycles) 
but consistent increases in nitrogen content with subsequent NO oxidation cycles, as reported by 
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CHN, are either due to the bulk composition of the sample or an artifact due to the higher 
detection limit of the CHN analyzer compared to the XPS instrument. 
 
3.3.8 Role of Surface Oxygen and Gas Phase Oxygen for NO Oxidation 
 
 Results to this point highlight the continuous addition of acidic oxygen functional groups 
to activated carbon catalysts during NO oxidation cycles.  It is important to assess whether or not 
these newly formed functional groups can provide the oxygen atom that is necessary to oxidize 
NO to NO2, or if gas phase oxygen is needed for this reaction to proceed.  To determine this, 
transient experiments were completed where the inlet gas stream changed from NO (380 ppmv) / 
O2 (10 vol%) / N2 (Balance) to NO (380 ppmv) / N2, O2 (10 vol%) / N2, and NO (380 ppmv) / N2.  
This order of experiments was selected to 1) saturate the carbon with surface functional groups 
and adsorbed NO2 species, 2) assess the impact of removing oxygen to identify the potential for 
NO oxidation via surface oxygen groups, 3) identify any additional species that desorb in the 
absence of NOx, and 4) once again attempt NO oxidation in the absence of oxygen gas.  Results 
from this experiment are described in Figure 3-15. 
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Figure 3-15.  Transient experiments highlighting the requirement of gas phase oxygen for 
NO oxidation. 
 
 Initial NO oxidation proceeds as expected and steady-state conditions are achieved after 
> 20 h.  At this time, the inlet oxygen is replaced with nitrogen (to maintain a constant total flow 
rate).  NO2 concentration decreases to 0 once O2 is removed from the system, indicating that NO 
oxidation requires the gas phase oxygen component.  The gradual concentration decrease is 
attributed to desorption from the carbon pores.  This is consistent with the peak that forms 
shortly after O2 is removed and exceeds the inlet concentration of NOx.  Further tests show no 
changes when NO is replaced with O2 (at 42 h) or when the gas is switched to NO/N2 (at 58 h).   
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3.3.9 Updating the NO Oxidation Mechanism 
 
 Since the first NO oxidation studies by Mochida, there has not been a consensus on the 
mechanism for carbon-catalyzed NO oxidation.  In 2000, Mochida proposed one of the first NO 
oxidation mechanisms (Figure 3-16). 
 
 
Figure 3-16.  Carbon catalyzed NO oxidation mechanism as proposed by Mochida et al., 
2000.  Figure is modified from reference [51]. 
 
Mochida reported that NO2 generation and subsequent desorption/release resulted from 
the decomposition of an adsorbed intermediate.  Subsequent researchers, while disagreeing on 
the identity of the intermediate as well as its formation/decomposition steps, came to the same 
conclusion – NO2 formation/release occurs as a result of a decomposed intermediate [53].  Since 
the formation of these intermediates is dependent on the number of active surface sites on the 
activated carbon catalyst, it should be expected that NO oxidation activity scales proportionally 
with specific surface area of the catalysts; more surface area leads to more active sites, causing 
increased intermediate formation and subsequent NO2 formation/release.  To date, however, 
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researchers have not shown this trend.  In fact, in section 3.3.5, it was shown that the dominant 
physical property controlling NO oxidation is the micropore width and micropore volume of the 
carbon and predictions based on available surface area cannot be made (e.g., ACFC 20 catalyzes 
less NO2 formation than ACFC 10).  Similarly, it was shown that as the carbon’s surface 
chemistry changes, presumably altering the identity or chemical composition of the active sites, 
the steady-state conversion remains unchanged.  Furthermore, if the conversion was truly 
dependent on formed intermediates, then, assuming excess oxygen, the conversion would not 
increase with increasing NO concentrations, as has been shown in the literature.  Because of 
these discrepancies, it is necessary to propose a new NO oxidation reaction mechanism that 
reflects the observations made as a part of this research. 
 The literature, including studies described earlier, describes the reactions between NO2 
and activated carbon.  NO has been shown to physically adsorb to carbon, albeit weakly, but 
NO2 rapidly reacts with activated carbon to cause surface oxidation and subsequent release of 
NO.  For the first time, this work quantified and identified the impacts of this surface oxidation.  
From a kinetic perspective, this is problematic as it not only decreases the concentration of the 
desired product (NO2), but it also increases the concentration of the reactant (NO).  Based on the 
kinetic data presented in Table 3-13 and the chemical properties in Table 3-14, it is logical to 
assert that as the carbon becomes more oxidized, it becomes less likely to reduce NO2 to NO.  
Regardless of the surface oxygen content and associated kinetic parameters, however, steady-
state NO conversion is constant.  In other words, the reaction is slowed by the need to first 
oxidize the carbon surface using the NO2 product.  Once this oxidation is completely achieved, 
thereby preventing additional NO2 loss and NO reformation, the steady-state conversion is 
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achieved.  Starting with an already oxidized carbon expedites this process, decreasing the time 
necessary to observe steady-state conversion of NO to NO2 in the reactor effluent gases. 
As such, the complete NO oxidation mechanism should be divided into two consecutive 
and discrete components:  (Step 1) NO2 formation via NO oxidation, and (Step 2) NO2 
adsorption or reaction with carbon.  Step 1 stabilizes rapidly, but steady-state conversions are not 
achieved until Step 2 results in saturation of the carbon’s NO2-active sites.  Reaction kinetics and 
the time required to achieve steady-state NO oxidation depend on the number of carbon surface 
sites that can be reduced by NO2; steady-state is achieved slowly for a fresh carbon catalyst and 
rapidly for a carbon pre-saturated with functional groups that can prevent surface 
adsorption/reaction with NO2.  The carbon’s physical properties, specifically its volume of active 
micropores (those with widths shown to be useful for catalyzing NO oxidation), are believed to 
control the conversion efficiency of the catalyst.  Intermediates and/or adsorbed species are not 
relevant for achieving steady-state NO oxidation, and the rate limiting step in the reaction 
mechanism is the filling/occupying of carbon’s NO2 adsorbing sites for the conditions tested 
here.  Blocking these sites, without altering the physical properties of the catalyst, diminishes the 
importance of Step 2 in the NO oxidation reaction mechanism and allows steady-state NO 
oxidation to be achieved rapidly.  Such results are shown in great detail in an upcoming 
publication by Zhanquan Zhang [72].  
 
3.3.10 Impact of Results and Applicability to Flue Gas Streams 
  
It has been shown that acidic oxygen surface functionalities on activated carbon improve 
the material’s feasibility as a catalyst for NO oxidation by decreasing the times required to 
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release NO2 and to achieve steady-state conversions.  Oxygen functionalities form on the carbon 
surface during cyclic NO oxidation tests due to surface reduction by formed NO2, and they were 
identified as being acidic in nature.  The oxidized surface is not able to further reduce NO2 to 
NO, allowing for more rapid achievement of steady-state NO conversion.  It is practical to think, 
therefore, that adding acidic oxygen functional groups before the initial cycle would immediately 
improve the catalyst, simplifying the procedure of multiple reaction and degas cycles before 
improved performance.  This is supported by the similar or even improved performance of 
ACFC10-O compared to ACFC10-3
rd
 in Figure 3-12, in terms of NO conversion and time to 
achieve steady-state conversion.  To confirm such results, however, an additional acidic carbon 
was prepared by treating ACFC10-H in sulfuric acid (8 h, 180 
o
C, in an autoclave) (Figure 3-17). 
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Figure 3-17.  NO and NO2 effluent concentration profiles for ACFC10-H (1
st
 and 3
rd
 NO 
Oxidation Cycle) and two acidic carbons (ACFC10) treated with HNO3 or H2SO4.   
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It is clear that the added functional groups immediately decrease the carbon catalyst’s time to 
release NO2 and the time to achieve steady-state conversion.  In Figure 3-17, acidic and oxygen-
containing functional groups are added by NO oxidation cycles, nitric acid treatment, and 
sulfuric acid treatment, and all three carbons show similar kinetic performance (including steady-
state conversion).  These carbons contain 9.8 wt % oxygen (H2SO4-treated), 7.2 wt % oxygen 
(HNO3-treated), and 7.3 wt % oxygen (3 NO oxidation cycles). 
These results also encourage the addition of other, non-oxygen, acidic functional groups 
to the carbon.  While oxygen functionalities improve the performance of these catalysts for NO 
oxidation in simple flue gas streams, it is important to extend the results to more realistic 
scenarios.  In real flue gas streams, oxygen functionalities can hinder the performance of a 
carbon-based adsorbent due to co-adsorption of water onto the hydrophilic surface [61].  This 
would be especially apparent at the low temperatures (50 
o
C) used in the dry experiments 
presented in this study.  Results suggest that the carbon NO oxidation catalyst benefits not only 
from having surface oxygen functionalities, but also from having an acidic surface.  Because 
NO2 is an acid producing gas, the acidic interface generated by oxygen functional groups added 
to the carbon surface via NO2 reduction of carbon or nitric acid treatment (e.g., carboxylic acid 
groups) is favorable for the rapid release of NO2, resulting in the observed decrease in time 
before NO2 release and the subsequent time to reach steady-state NO oxidation.  As such, future 
studies should identify acidic surface functional groups that do not cause such an increase in the 
hydrophilicity of the carbon catalyst. 
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3.3.11 Impact of SO2 and H2O on NO Oxidation 
 
 Presented results to this point investigated ideal experimental conditions, focusing on 
simple gas streams containing NO, O2, and N2.  The goal of these tests was to focus exclusively 
on the carbon catalysts, identifying the impacts of the catalysts physical and chemical properties 
on the NO oxidation reactions.  With a better grasp on these impacts, it is now important to 
provide preliminary studies that identify the possible problems with extending these oxidation 
experiments to more realistic flue gas conditions.  As such, the following tests are meant to 
provide motivation for continued catalyst development studies as a way of preparing catalysts 
that not only oxidize NO rapidly and efficiently, but that are also resistant to SO2 and H2O. 
 Figure 3-18 describes carbon catalyzed NO oxidation (250 mg carbon, 10% O2 by 
volume, 400 ppmv NO) in the presence of 200 ppmv SO2. 
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Figure 3-18.  NO oxidation on ACFC10-H in the presence of 200 ppmv SO2. 
 
 Figure 3-18 clearly shows that NO oxidation is inhibited by even low concentrations of 
SO2.  The first 7 – 8 h are similar to NO oxidation without SO2, but after this time, rapid 
decreases in the amount of effluent NO2 are noted until the NO2 concentration drops to zero and 
the concentrations stabilize.  The drop in NO2 concentration corresponds to a local maximum for 
the concentration of NOx (in excess of the inlet 400 ppmv), implying that the SO2 is causing 
desorption of NO/NO2 as opposed to simply inhibiting the NO oxidation reaction.  Future 
experiments should focus on the development of catalysts that have finely tailored pore sizes 
such that NO adsorption can readily occur (~0.5 – 0.7 nm) while SO2 adsorption is hindered by 
narrow pores (preferred pore width is ~0.7 – 0.9 nm) [73].  These problematic impacts of SO2 are 
clearly a major concern that should be addressed in future carbon-catalyzed NO oxidation studies.  
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It is also worth noting that an SO2 concentration of 200 ppmv is low compared to the flue gas 
stream of many coal-fired power plants (perhaps 100 - 2000 ppmv for low and high sulfur 
content coal). 
 Figure 3-19 describes the impacts of water on NO oxidation.  For this figure, the water is 
at 25% relative humidity (3 vol% H2O) in the reactor (50 
o
C) and untreated (Virgin) and 
hydrogen-treated ACFC10 are tested as NO oxidation catalysts. 
 
 
Figure 3-19.  NO oxidation on ACFC10-H in the presence of 25% relative humidity ppmv. 
 
 Similar to Figure 3-18, Figure 3-19 strongly indicates that extending carbon-catalyzed 
NO oxidation to real flue gas conditions is a difficult process.  25% relative humidity decreases 
the steady-state conversion of these carbons from ~52% to 11.2% for hydrogen-treated ACFC10 
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and 8.7% for virgin ACFC10.  These differences support that adsorption of water inhibits NO 
oxidation.  Virgin ACFC10 is more hydrophilic than the hydrogen-treated material, and therefore 
more readily adsorb water from the gas stream.  Both samples were regenerated to their original 
conversion efficiency after the relative humidity was decreased to 0%, supporting that reversible 
adsorption of water is what hinders NO oxidation.  The materials prepared for Figure 3-17 are 
highly susceptible to water adsorption and inhibited NO oxidation because of their increased 
surface oxygen content.  Additional work is necessary to investigate materials that are available 
for use in gas streams containing moisture.  This might encourage the testing of non-
carbonaceous, porous catalysts. 
 
3.4 Summary and Conclusions 
 
 During cyclic NO oxidation experiments, oxygen functional groups are developed on the 
surface of activated carbon catalysts, confirming results first presented by Zhang et al. [60].  X-
ray photoelectron spectroscopy (XPS), titrations, and point of zero charge measurements (pHPZC) 
indicate that the added oxygen groups add acidity to the surface of the activated carbon, due in 
part to the development of carboxyl functionalities.  The oxygen functional groups formed 
during NO oxidation are similar to the oxygen groups added to carbon during HNO3 treatment.  
 Results in this chapter show that the NO oxidation mechanism does not conclude with the 
formation and release of NO2, as has been previously speculated [51, 53].  It was shown that this 
formed NO2 reacts with the carbon surface, causing both formation of acidic oxygen functional 
groups and generation of the NO reactant.  The reformation of NO and the changing chemical 
properties of the carbon impact the time required to desorb NO2 and achieve steady-state 
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conversion of NO.  The presence of acidic functionalities decreases the amount of time required 
for the carbon catalyst to desorb NO2 and achieve steady-state NO oxidation, as shown in NO 
oxidation cycle experiments.  In subsequent cycles, a more oxidized and acidic carbon surface is 
shown to favor the rapid desorption of NO2 from the carbon micropores.  Steady-state 
conversion is attained more rapidly with subsequent cycles because the more oxidized carbon 
surface prevents the reduction of formed NO2 over the carbon.  Oxygen functional groups are 
shown to not impact the steady-state NO oxidation conversion rates of the carbon catalyst 
because they do not cause significant changes to the physical properties of the carbon catalyst.  
Carbon catalysts for NO oxidation, therefore, should have an acidic surface to promote rapid 
achievement of steady-state conversion.  It was also shown that additional work is necessary to 
address NO oxidation inhibition by H2O and SO2. 
 
3.5 Unique Contributions to the Field Directly Resulting from these Studies 
 
 The following additions to the literature were a direct result of the work performed in this 
dissertation section: 
 
 The physical properties of carbon-based NO oxidation catalysts contribute to the overall 
NO to NO2 conversion of the material without significantly changing the time-scales 
necessary to achieve steady-state conditions [70, 72, 74]. 
 Corroboration of the initial hypothesis by Zhang et al. that oxygen is deposited onto 
carbon during NO oxidation reactions as a result of formed NO2 reacting with a reducing 
carbon surface [75]. 
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 Clear description that continued oxygen functional group development occurs after as 
many as four consecutive NO oxidation cycles [75]. 
 Oxygen functional groups developed during NO oxidation are shown, by titrations, XPS, 
and pHPZC testing, to add acidity to the surface of the activated carbon [75]. 
 The combination of increased narrow micropore widths (~ 5-7 nm), acidity, and oxygen 
functional groups is shown to increase NO oxidation rates and allow for achievement of 
steady-state conversions more rapidly.  Such results provide insight into the preparation 
of carbon-based NO oxidation catalysts; catalysts can perform efficiently and rapidly on 
their initial cycle if they are properly treated before use [70, 72, 74-76]. 
 The reaction mechanisms in the literature should be updated to indicate that desorption of 
NO2 does not rely on adsorbed intermediates and is not the final step in the NO oxidation 
reaction mechanism.  Instead, this research shows that desorbed NO2 reacts with the 
surface of the carbon to form oxygen-containing functional groups.  As such, a clearly 
defined, two-step mechanism consisting of rapid NO oxidation to NO2 (Step 1) and 
subsequent NO2 reaction with the reducing carbon surface (Step 2) has been proposed 
[72, 75]. 
 
3.6 Recommendations for Future Work 
 
 NO oxidation catalyzed by carbon-based materials was discovered in the 1990s, but 
research interest only recently appears to be growing.  The following issues should be resolved 
before carbon-catalyzed NO oxidation followed by downstream NO2 absorption can be 
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considered an alternative NOx control strategy and a possible replacement for selective catalytic 
reduction. 
 
 Researchers have shown high NO oxidation efficiencies and rapid oxidation kinetics 
achieved via carbon catalysts.  However, it has yet to be shown whether these catalysts 
can sustain realistic flue gas conditions.  Efforts should be put toward developing carbons 
that not only oxidize NO, but also resist SO2 and H2O adsorption.  This is the most 
important area for additional research at this time. 
 Similarly, research effort should be placed on NO oxidation at increased temperatures.  
This study started these developments by investigating NO oxidation at 50 
o
C, an 
increase from the 25 
o
C temperatures that are dominant in the literature.  However, for 
the technique to become practical, high conversions in temperatures in excess of 100 
o
C 
should be shown. 
 A more complete understanding of reaction kinetics, including rate constants for NO 
oxidation and NO2 reduction, is necessary to allow for scale up from the bench scale to 
pilot and/or full scales. 
 While researchers have shown encouraging NO2 absorption results, further studies are 
again needed to extend these studies to realistic flue gas conditions. 
 This study and others in the literature utilize a fixed carbon bed for NO oxidation 
experiments.  Such a system may not be ideal for full scale, coal-fired power plant 
systems.  Efforts should be placed at decreasing the reaction times enough to use carbon 
catalysts as injected powders.  Again, this study started these investigations by providing 
suggestions at ways to more rapidly achieve steady-state NO conversion. 
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 The impact of additional (> 4) NO oxidation cycles on the carbon catalysts should be 
quantified to determine if kinetic performance continues to improve with more cycles. 
 It would be beneficial to develop predictive models for assessing the expected 
performance of an NO oxidation carbon catalyst without experimentation.  In particular, 
relationships between acidic oxygen content and time to achieve steady state as well as 
0.5 – 0.7 nm pore volume and conversion efficiency should be developed.  Additional 
experimentation is needed with a wider range of carbon catalysts to provide the data 
necessary to develop these models.  Such models may allow for the isolation of 
fundamental parameters that can be used to describe NO oxidation catalysts in a 
predictive manner. 
 Finally, the idea of using carbon as an NO oxidation catalyst is exciting because it opens 
the possibility of multi-pollutant control.  As described in Chapter 5 of this dissertation, 
studies should investigate whether or not NO oxidation can occur simultaneously with 
control of other contaminants in a flue gas stream. 
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Chapter 4:  PAN-Derived Activated Carbon Nanofibers as an Adsorbent for Acid Gases, 
including Hydrogen Cyanide and Sulfur Dioxide 
 
 
Abstract: 
 
A recently developed carbon material, electrospun Activated Carbon nanoFiber (ACnF), 
exhibits strong potential for use as an adsorbent for toxic industrial chemicals (TICs).  As-
prepared ACnF contains as much as 9.6 wt% nitrogen, creating a basic surface that enhances 
acid-gas adsorption.  ACnF shows as much as a 1,000% increase in HCN adsorption capacity 
and a 300% increase in SO2 adsorption capacity in dry nitrogen, compared to commercially 
available activated carbon fiber cloth and Calgon BPL™ granular activated carbon, which are 
considered here as reference adsorbents.  ACnF has 50% of the micropore volume (0.30 cm
3
/g) 
of these reference adsorbents, which limits its adsorption capacity at high concentrations for 
volatile organic compounds (VOC, > 500 ppmv).  However, at low concentrations (< 300 ppmv), 
ACnF has a similar or higher butane adsorption capacity than these reference adsorbents, 
possibly due to its narrow pore widths.  ACnF’s small fiber diameters (0.2 – 1.5 μm) allow for 
higher mass transfer coefficients, resulting in adsorption kinetics nearly twice as fast as carbon 
fiber cloth and eight times as fast as BPL™.  ACnF drawbacks include hydrophilicity and 
reduced structural strength.  The high capacity for acidic TICs and rapid adsorption kinetics 
warrant further investigation of ACnF as an adsorbent in respiratory protection or indoor air 
quality applications. 
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4.1 Introduction  
 
Improved sorbents are desirable to increase performance (e.g., increased selective 
adsorption capacities and mass transfer kinetics) and reduce the weight, size, and power 
consumption of gas purification systems.  Military gas purification systems are mobile (e.g., 
vehicles, transportable shelters, respirators), making it particularly important to reduce the 
physical or logistical burden of these systems.  Improvements to reduce these parameters might 
include tailoring the physical and/or chemical properties of the sorbent to increase its adsorption 
capacity for a particular contaminant (per unit mass) and to allow for faster mass transfer within 
the device. 
Increased use of asymmetric warfare tactics in recent years emphasizes the need to 
provide protective filtration against both conventional chemical warfare agents (CWAs) (e.g., 
tear gases and nerve agents) and a wide variety of increasingly relevant toxic industrial 
chemicals (TICs) that could be used as improvised weapons.  For example, terrorists used 
chlorine gas in association with explosive devices in Iraq during 2007 [1].  As such, it is 
important to investigate sorbents that are capable of adsorbing both traditional and emerging 
CWAs and TICs. 
Military adsorbents have traditionally been carbon-based.  Activated carbon is well suited 
to capturing organic compounds, including many CWAs, in an uncontrolled (often humid) 
environment.  Activated carbons can be hydrophobic and have high micropore volume (relative 
to zeolites), are thermally stable (under anoxic conditions), non-toxic, inexpensive, and resistant 
to degradation in both acidic and basic environments (relative to metal–organic frameworks) [2].  
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The physical and chemical properties of carbons can also be readily tailored to alter their 
adsorption properties for specific applications. 
Not all TICs and CWAs are strongly adsorbed onto conventional activated carbon, and 
adequate protection cannot be achieved by physical adsorption alone.  Impregnants (e.g., 
precious or transition metal nanoparticles) or chemical surface functionalities (e.g., oxygen or 
nitrogen groups) can be added to the carbon.  These additions modify the carbon’s pH, polarity, 
and reactivity to target specific contaminants and enhance physical adsorption or induce 
chemical adsorption and/or other surface reactions (e.g., heterogeneous catalysis or catalytic 
reactions in the carbon’s high energy pores) [3].  
Impregnation of carbon adsorbents has advantages and disadvantages.  Chemical 
impregnants are added to the bulk and surface of a carbon, often through excess solution or 
incipient wetness impregnation techniques, and are not covalently bound to the carbon.  Instead, 
van der Waals forces stabilize the small diameter impregnants on the carbon support.  When 
compatible, multiple impregnants can be employed to address a wide spectrum of adsorbates 
with a single adsorbent.  Impregnation, however, can decrease carbon’s accessible porosity and 
surface area.  The impregnants may partially fill or block pores, potentially limiting the 
material’s capacity for contaminants.  Micropores, in particular, are susceptible to pore blocking, 
which can impact that adsorption capacities of the carbon.  Impregnants can also age (i.e., 
migrate, agglomerate, or react over time), decreasing their relative effectiveness [4].  
Impregnated adsorbents cannot be regenerated to initial capacity by thermal or pressure swing if 
the impregnants are lost or deactivated during use.  A popular impregnated carbon used for 
military applications is Calgon AZSM-TEDA, which is impregnated with copper, silver, zinc, 
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molybdenum, and triethylenediamine (TEDA) [5].  TEDA makes the carbon basic, enhancing 
capture of acidic TICs.  
Unlike chemical impregnants, surface functionalities are covalently bound to the carbon 
adsorbent, increasing their stability as well as the likelihood of reversible complexation or 
chemical adsorption, and minimizing aging effects.  Chemical adsorbents are not always 
regenerable, but the possibility of regeneration is higher for carbons utilizing surface functional 
groups than carbons relying on impregnated metals.  Employing an adsorbent material that relies 
on reversible adsorption mechanisms enables an adsorption process to be cyclical, allowing off-
line regeneration and reuse of carbon adsorption cartridges.   Reversibility also affords the 
opportunity for automated, continuous-duty operation of multi-vessel collective protection 
systems.  For these reasons, an adsorbent based on chemical surface modification, rather than 
impregnation, is desirable, if sufficient protection can be achieved.   
Surface functionalities may be formed by using specific precursor materials or additives 
in the carbonization/activation process or by high-temperature, post-activation processing.  
Numerous processes have been used to modify carbon surface chemistry both experimentally 
and commercially [6].  Acidic functional groups (i.e., -COOH) can be added by oxidation of the 
carbon with acids (e.g., HNO3), peroxides, or ozone.  Oxidized activated carbons have 
demonstrated improved performance for capturing ammonia and other basic gases [7].  The 
degree of carbon oxidation to produce the desired -COOH functional groups should be carefully 
controlled by varying the oxidant strength and oxidation time and temperature.  Carbon oxidation 
can result in loss of pore volume, reduced surface area, and an increase in mean pore size, 
through destruction of pore walls if conditions are not carefully monitored [8-10]. 
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Basic functional groups (e.g., amine, pyridine) on carbon have been produced by post-
activation treatment with ammonia, urea, or melamine, or by using a nitrogen-containing 
activated carbon precursor material such as polyacrylonitrile (PAN) [11].  Improved performance 
in capturing SO2 [12-13], HCl [14], and H2S [15] has been documented for carbons treated with 
ammonia.  Addition of basic functional groups to carbon’s surface via nitrogen impregnation is a 
complex process and retaining the nitrogen in the carbon structure can be difficult.  Impregnated 
nitrogen groups can also exist in numerous forms, many of which are not basic (e.g., pyrrole).  
Some general trends can be discerned from the literature on producing basic, nitrogen-
functionalized carbons: 
 
1. The higher the processing temperature, the less nitrogen that is retained in the 
structure [16-17].  This trend is counter to the increase in porosity, so these two 
properties must be balanced. 
2. Higher nitrogen content can be obtained when the nitrogen is added to the carbon 
during carbonization/pyrolysis rather than during activation or post-treatment 
processing [12, 18].  This is reasonable, as the desired pyridine structures are 
more easily produced during ring formation, which occurs during carbonization. 
3. Acid-gas capture capacity is proportional to the bulk nitrogen content of the 
adsorbent [11, 19]. 
 
In this chapter, the physical, chemical, adsorptive, and adsorption kinetic properties of a 
recently developed PAN-derived Activated Carbon nanoFiber (ACnF) produced by 
electrospinning and subsequent carbonization and activation are described.  These properties for 
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this new material are compared to similar properties of commercially available activated carbon 
fiber cloth (ACFC) and Calgon BPL™ granular activated carbon (GAC).  In particular, this work 
attempts to understand the properties that improve the acid gas (e.g., HCN) adsorption capacity 
and kinetics of an activated carbon material. 
 
4.2 Methods 
 
4.2.1 Precursor Selection and Nonwoven Nanofiber Material Preparation for ACnF 
 
A PAN-based copolymer was synthesized as the precursor for ACnF at eSpin 
Technologies, Inc., of Chattanooga, TN.  The polymer composition was optimized for molecular 
weight and composition to enhance the desired properties of the end product ACnF, though 
additional details describing the polymer were not provided by eSpin Technologies, Inc.  The 
precursor polymer was electrospun into a nanofiber web.  The electrospinning parameters 
included a potential of 28 kV and a distance from ejector to target of 5.1 cm [20].  These 
parameters were controlled to obtain fiber diameters in the 200 – 500 nm range, but a few larger 
fibers are also observed [20].  
 
4.2.2 Carbonization and Activation of ACnF 
 
The resulting PAN-based nanofiber web was pyrolyzed and activated to obtain the 
desired degree of activation.  The thermal processing consisted of stabilization in air, 
carbonization in an inert atmosphere, and activation using CO2.  The heating profile and soak 
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times were determined by thermogravimetric analysis/differential scanning calorimetry 
(TGA/DSC) [20]. 
 
4.2.3 Reference Adsorbent Materials 
 
Reference adsorbents selected for comparison to ACnF include BPL™ GAC and 
American Technical Trading, Inc.’s ACFC (ACC-5092-15).  The GAC was a standard 12 x 30 
mesh with a bulk density of 0.49 g/cm
3
.  The ACFC is available in different degrees of 
activation, with ACFC-5092-15 representing a “medium” level of activation. 
 
4.2.4 Scanning Electron Microscopy and Bulk Physical Properties: 
 
Scanning Electron Micrographs (SEMs, Hitachi S4700) were obtained at the University 
of Illinois’ (UI) Center for Microanalysis of Materials.  Samples were prepared by loading the 
carbon materials onto carbon tape located on an aluminum disk.  The disk was loaded into the 
sample chamber where it was analyzed at low total pressures (< 1 Pa).  Accelerating voltages of 
10–15 kV were used for all images presented in this study.  Areal density and electrical 
resistivity of the ACnF were measured using methods previously described for ACFC [21]. 
 
4.2.5 N2 Adsorption Isotherms  
 
N2 adsorption isotherms were generated volumetrically (Micromeritics, Inc., Model 
ASAP 2010).  Samples were degassed for > 6 h at 150 °C under at 4 – 6 mm Hg.  The adsorption 
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isotherms were obtained at 77 K and 10
-6
 < P/P0 < 0.99.  The Brunauer, Emmett, and Teller 
(BET) method was used to fit the adsorption data from 0.06 < P/P0 < 0.20.  Micropore volume 
and pore size distribution were determined using the 3-D Model [22].  The average micropore 
width was determined for pore widths ≤ 20 Å, and the total pore volume was determined at P/P0 
= 0.99 using the bulk liquid density for N2 (0.808 cm
3
/g). 
 
4.2.6 X-ray Photoelectron Spectroscopy (XPS) and Elemental Analysis 
 
The surface elemental composition of select carbons was determined using XPS (PHI 
5400, Perkin–Elmer, Physical Electronics Inc.; and Kratos Axis Ultra), at the UI Center for 
Microanalysis of Materials.  For the PHI 5400, an area of 1 mm
2
 was targeted with Mg K  or Al 
K  radiation at a power of 300 W at 15 kV under ultrahigh vacuum (10
-8
 to 10
-9
 torr).  For the 
Kratos Axis Ultra, Mg K  radiation was used.  The Kratos instrument provides elemental 
composition (excluding hydrogen) with 0.1% sensitivity.  Elemental compositions determined by 
XPS are reported as percentages relative only to the elements being measured (i.e., the sum of 
the percentages is always 100%).   
For select samples, data obtained using the Kratos Axis Ultra instrument was analyzed 
further using CasaXPS software to determine the identity and distribution of surface nitrogen 
functional groups on the ACnF.  The C1s peak was adjusted to 284.5 eV before fitting the N1s 
peak.  Nitrogen peak models were generated using the CasaXPS software, assuming Gaussian-
shaped peaks and a constant full width at half maximum for all constructed peaks. 
Bulk carbon, hydrogen, nitrogen (CHN) analysis was performed at the UI Chemistry 
Microanalysis Lab with a CE-400 Elemental Analyzer by Exeter Analytical, Inc., that combusts 
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the sample in pure oxygen at 980°C.  CO2, H2O and NxOy are detected in a series of traps and 
thermal conductivity cells.  Oxygen in the sample is determined by mass difference – causing 
adsorbed water contamination to appear as excess oxygen.  However, effort was taken to dry the 
samples and limit their exposure to the atmosphere before completing the elemental analysis.  
Carbon samples were loaded into sealed analysis capsules at a high temperature in an effort to 
prevent water adsorption, and then were stored in a desiccator before analysis.  The CHN 
instrument has a detection limit of 0.10% and error of 0.06% for all measured elements.  As with 
XPS, elemental compositions determined by CHN are reported as percentages relative only to 
the elements being measured. 
 
4.2.7 Gravimetric Adsorption Isotherms  
 
H2O, SO2, HCN, and butane adsorption/desorption isotherms were obtained 
gravimetrically at the US Air Force Research Laboratory in Florida (Model GHP-F and Model 
SGA-100 of VTI Corporation of Hialeah, FL, now TA Instruments of New Castle, DE).  The 
GHP-F system uses a magnetic suspension balance (Rubotherm of Bochum, Germany).  Mass 
flow controllers are used in both systems to proportion flow between the adsorbate gas and a 
nitrogen carrier gas to achieve desired concentrations.  SO2, HCN, and butane experiments were 
conducted at room temperature in a dry gas stream. 
For water adsorption isotherms, an evaporator produced a fully humidified (100% 
relative humidity) gas stream for proportioning.  For HCN, SO2, and n-butane, a gas cylinder of a 
certified concentration (in ultra-high purity nitrogen) was used as purchased from Air Liqude 
America Specialty Gases.  
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Each carbon sample was dried at 200 – 250 °C at atmospheric pressure under nitrogen 
prior to generating the adsorption isotherm, until a static weight was achieved (< 0.03% change 
in 10 min or for a maximum time of 1 h).  Carbon samples ranged from 40 mg to 150 mg in the 
GHP-F, and 30 mg to 60 mg in the SGA-100. 
 
4.2.8 Gravimetric Kinetic Measurements 
 
During gravimetric equilibrium isotherm experiments, quantitative kinetic data were 
collected for ethane (using a certified 5000 ppmv cylinder).  After each step-change in 
concentration, the adsorbent exponentially approached a new equilibrium weight.  Adsorption 
data of this type was modeled by Avrami’s Equation [23]:  
 
qt = qe{1 − exp[−kAVt]
nAV}             (1) 
 
where qt is the mass loading (g/g) at time t, qe  is the equilibrium mass loading (g/g), and kAV 
(min
-1
) and nAV are the Avrami coefficient and exponent, respectively.  Software provided with 
the GHP-F and SGA-100 analyzers performs a similar kinetic analysis, assuming nAV = 1, and 
determines kAV for the specified equilibrium step.  This is equivalent to assuming a pseudo-first-
order kinetic model [24].  The time to reach equilibrium depends on the adsorbate–adsorbent 
system, temperature, step-change in concentration, and fractional loading relative to saturation.  
The kinetic measurements for each adsorbent were collected with the same adsorbate (ethane) 
and similar concentrations, temperature, concentration step change, and fractional loadings to 
ensure consistency.  The intent here is only to provide a comparative screening of the kinetics of 
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this new nano-structured material that might serve as the impetus for further studies.  As such, 
ethane was selected as the adsorbate because it is known to physically adsorb to activated 
carbons without altering the sorbent’s surface chemistry. 
 
4.3 Results and Discussion 
 
4.3.1 Materials Characterization 
 
SEMs of ACnF reveal a mat of randomly arranged long, linear fibers (Figure 4-1, A-B).  
Fibers are cylindrical, smooth, and have diameters of 0.2 µm–1.5 µm.  BPLTM granules have a 
large diameter (~1 mm) and a rough surface morphology (Figure 4-1, C-D).  ACFC consists of 
systematically woven fibers with diameters of 10 µm–15 µm, between one and two orders of 
magnitude larger than ACnF (Figure 4-1, E-F).  
 
 
Figure 4-1. SEM images of ACnF (A, B) showing filament arrangement, shape, and texture 
with comparisons to the reference BPL™ (C, D) and ACFC (E, F). 
A
F
E
D
C
B
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The random arrangement of the fibers in ACnF (Figure 4-1, A) results in a lower areal 
density than ACFC (Figure 4-1, E), which has organized, tightly packed yarns (Table 4-1).  It is 
expected that the bulk of this difference in density is accounted for with spacing between the 
fibers, as opposed to porosity developed within the individual fibers during activation, as it is 
later shown that ACFC has more total pore volume than ACnF.  Qualitatively, ACnF could be 
described as similar in appearance and texture to facial tissue, while ACFC is akin to the fabric 
in a woven cloth. 
 
Table 4-1. Physical properties of fibrous adsorbents 
 
Material 
Thickness 
(Uncompressed) 
(mm) 
Thickness 
(Compressed) 
(mm) 
Areal 
Density 
(g/m
2
) 
Electrical 
Resistivity 
(ohm-cm) 
ACnF 0.09 0.05 12.4 0.484 
ACFC 0.61 0.48 180 0.202 [21] 
 
The impacts of activated carbon’s physical and chemical properties on its electrical 
resistivity are not well understood.  Limited data has been published on the electrical resistivity 
of fibrous activated carbon materials [21, 25-27].  For granular systems, the contact resistance 
between individual carbon granules has been shown to be a significant component of the overall 
electrical resistance of an adsorbent bed [28], and to be inversely proportional to the mechanical 
pressure at the contact points.  The random arrangement of the individual carbon nanofibers in 
ACnF may increase the distance through which current must travel along individual carbon 
fibers, as well as increase the number of contact junctions that must be traversed, as compared to 
the woven ACFC.  These factors might explain why ACnF has a higher electrical resistivity than 
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ACFC (Table 4-1), although a detailed analysis of the electrical properties of these materials is 
beyond the scope of this work. 
ACnF has less total surface area and micropore volume and narrower micropore widths 
than the two reference materials (Table 4-2).  From the upward sloping center section of its N2 
adsorption isotherm, BPL can qualitatively be seen to have a wider pore distribution that 
includes a significant mesopore component (Figure 4-2).  The adsorption isotherms for the 
fibrous media plateau more rapidly, ACFC having slight mesoporosity, and ACnF exhibiting no 
discernible mesoporosity (Figure 4-2, Table 4-2).  It is probable that ACnF is activated to a lesser 
degree than ACFC or BPL, supported by its notably lower surface area and total pore volume.  
Micropore size distributions for the three selected carbons are described in Figure 4-3. 
 
Table 4-2.  Summary of Surface Areas and Pore Size Distributions for ACnF, BPL
TM
 and 
ACFC.  
Property ACnF BPL
TM
 ACFC
 
Total Pore Volume (cm
3
/g) 0.30 0.53 0.64 
Micropore Volume (cm
3
/g) 0.30 0.47 0.64 
Microporosity (%) 100 89.0 99.8 
Average Micropore Width (Å) 7.2 8.7 7.7 
BET Surface Area (m
2
/g) 693 942 1,262 
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Figure 4-2.  N2 adsorption isotherms at 77 K of ACnF, ACFC, and BPL™. 
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Figure 4-3.  Micropore size distribution of ACnF, BPL™, and ACFC.  
 
Surface and bulk elemental compositions reveal that ACFC and BPL
TM
 are 
predominantly carbonaceous, with a small percentage of oxygen, reflective of some surface 
oxidation (Table 4-3).  ACnF contained 7% – 10% nitrogen on the surface and in the bulk, 
significantly more than either ACFC or BPL
TM
.  Nitrogen content in ACnF is expected when 
using the polyacrylonitrile (PAN) precursor and activation with CO2 [29].  It has been shown that 
nitrogen is eliminated from PAN-based precursors during activation, and that this elimination is 
enhanced when steam activation is used [29].  It follows, therefore, that the CO2-activated ACnF 
is a less activated material than the other commercial carbons, as was also postulated based on 
the material’s physical properties.  The bulk nitrogen content of ACnF is twice that observed in 
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other commercially available PAN-derived carbon fibers, 3–4 times that of rayon-derived carbon 
fibers, and nearly 20 times that of novoloid-derived ACFC [30].  The nitrogen content of 
untreated ACnF is similar to the highest levels achieved by activation of Kynol™ phenolic resin 
in ammonia [14].  Clearly, this notably high nitrogen content is a unique feature of the ACnF 
material that warrants additional investigations. 
ACnF contained similar levels of oxygen as BPL
TM
 on the surface and in the bulk, and 
more than ACFC.  These levels of nitrogen and oxygen increase the polarity of the ACnF and 
result in increased hydrophilicity compared to the ACFC.  The coal-derived BPL
TM
 has been 
measured to contain a significant amount of ash at 6.3% [31], while the carbons from synthetic 
precursors (including PAN-based ACnF and novoloid-based ACFC) generally contain a much 
smaller amount, perhaps less than 1%.  An insufficient quantity of the ACnF was available to 
measure this property with reproducibility.  ACFC is ash free [32]. 
 
Table 4-3.  Bulk (CHN) and surface (XPS) elemental analysis of activated carbons. 
Bulk Analysis (CHN) 
Material 
Carbon  
(wt %) 
Nitrogen  
(wt %) 
Hydrogen  
(wt %) 
Oxygen  
(wt %) 
ACnF 81.83 6.45 1.40 10.32 
BPL™ 89.2 0.8 0.07 9.9 
ACFC 95.1 0.4 0.6 3.9 
     
Surface Analysis (XPS
A
) 
Material 
Carbon  
(wt %) 
Nitrogen  
(wt %) 
Hydrogen
B
  
(wt %) 
Oxygen  
(wt %) 
ACnF 85.8 (84.7) 6.9 (9.6) ND 7.3 (5.0) 
BPL™ 93.3 0.4 ND 6.3 
ACFC 95.4 (94.6) 0 (1.4) ND 4.5 (3.9) 
 
A
 XPS data between parentheses were obtained with a PHI5400 system; XPS data without 
parentheses were obtained with a Kratos system 
B
 ND: Not detectable with XPS 
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XPS was used to identify nitrogen functional groups on the surface of ACnF (Figure 4-4, 
Table 4-4).  Peaks were identified by comparing XPS peak binding energies to the literature.  
Boudou showed that treatment of viscose-based carbon fibers with gaseous ammonia resulted in 
approximately twice as many pyridinic functionalities as pyrrolic functionalities [33].  Others 
have shown similar results for ammonia-treated carbons [14, 34-35].  ACnF, however, contains 
nearly twice as many pyrrolic functionalities as pyridinic functionalities, with a small component 
of pyridine-N-oxide (Table 4-4).  Pyrrolic groups are less basic than pyridinic groups, but the 
still significant pyridine component of ACnF should render the carbon quite basic.  Titrations 
and pHPZC analyses could not be used to confirm this hypothesis, however, because enough 
ACnF was not available for testing.  Pyrrolic and pyridinic functionalities on carbon materials 
have similar thermal stabilities, with non-catalytic evolution of nitrogen-containing gases not 
starting until 500 °C [36].  The nitrogen functional groups on ACnF, therefore, should have 
similar stability in practical applications as ammonia-treated activated carbons. 
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Figure 4-4. N1s spectra for ACnF with corresponding peak model (Residual Standard 
Deviation = 0.71, indicating a high correlation for this particular peak model).   
 
 
 
Table 4-4.  Speciation of N-containing functional groups in ACnF. 
 
Peak Location (eV) 
Relative Concentration 
(mol %) 
Peak Identity 
398.1 35.4 Pyridinic 
400.7 57.3 Pyrrolic 
403.1 7.3 Pyridine-N-oxide 
 
 
4.3.2 Gravimetric Adsorption Isotherms 
 
n-Butane (boiling point -42.1 ºC) was selected as a probe molecule for the carbon 
materials because it is nonpolar and is physically adsorbed by activated carbons (Figure 4-5).  
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Also, the isotherm of n-butane is informative in the concentration range of interest (0–5,000 
ppmv) for TIC adsorption.  At lower concentrations, the activity of the high-energy, narrow 
micropores is revealed, and at higher concentrations pore filling is observed.  ACnF adsorbs 55% 
and 25% less n-butane than ACFC and BPL
TM
 at high adsorbate concentrations (i.e., 4,500 ppmv 
n-butane), respectively (Figure 4-5).  At low n-butane concentrations (< 500 ppmv), however, 
ACnF performs quite similarly to ACFC and three times better than BPL
TM
.  This is expected 
because adsorption of n-butane at high concentrations is controlled by the total pore volume of 
the adsorbent, adsorbate–adsorbate interaction, and adsorbate–adsorbent interaction.  At low 
concentrations, however, adsorption is controlled only by adsorbate–adsorbent interactions, and, 
most importantly, not dependent on the total pore volume of the adsorbent since saturation is not 
achieved.  These adsorbate-adsorbent interactions are favored in adsorbents with pores with 
widths closer to the diameter of the adsorbate and more surface functional groups, as is the case 
of ACFC and, in particular, ACnF.  ACnF’s relatively low adsorption capacity for n-butane at 
elevated concentrations results from the low total micropore volume of ACnF compared to 
ACFC and BPL
TM
.  Additional activation of ACnF would increase its capacity for n-butane at 
high concentrations by increasing the total pore volume and/or surface area of the carbon, but 
may decrease its performance when the adsorbate is at low concentrations by increasing the 
mean micropore width. 
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Figure 4-5.  n-Butane adsorption at 25 °C onto ACnF, ACFC, and BPL
TM
. 
 
The traditional Type-V water adsorption isotherm is quite apparent for ACFC and 
BPL
TM
, but less apparent for ACnF, likely due to increased surface polarity resulting from 
nitrogen or oxygen surface functional groups (Figure 4-6).  This behavior of ACnF during water 
adsorption is similar to the behavior of oxidized ACFC [10] in which case the less prominent 
hysteresis loop and the uptake of water vapor at lower relative humidity values were attributed to 
surface oxygen functional groups.  The likelihood of water vapor adsorption by ACnF at low 
relative humidity values could induce competitive adsorption between the adsorbate of interest 
(e.g., CWAs, TICs) and water vapor, decreasing the material’s overall capacity for the desired 
adsorbate.  This ready adsorption of water could limit ACnF’s application potential as 
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competitive adsorption in humid environments may occur.  High temperature hydrogen treatment 
of ACnF would remove a significant component of the carbon’s surface oxygen groups, 
rendering the material more hydrophobic and minimizing water adsorption at lower relative 
humidities.  It is not clear, however, what impact hydrogen treatment would have on the bulk 
nitrogen content of the carbon. 
 
 
 
Figure 4-6.  Water vapor adsorption at 25 °C onto ACnF, ACFC, and BPL. 
 
ACnF’s high concentration of basic surface functional groups, primarily present from the 
high nitrogen concentration but possibly also resulting from basic oxygen functionalities (e.g., 
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carbonyl and quinone groups), and in spite of its relatively low pore volume, results in enhanced 
adsorption of acidic or acid-producing gases compared to ACFC and BPL
TM
.  SO2 adsorption 
onto ACnF is 2–5 times greater (Figure 4-7), and HCN adsorption is 4–20 times greater (Figure 
4-8), than onto the reference carbons.  Adsorption is fully reversible for HCN at room 
temperature as evidenced by coincident adsorption/desorption isotherms (Figure 4-8).  Complete 
regeneration of ACnF is also attained for SO2.  Although the adsorption/desorption isotherms 
(Figure 4-7) do not coincide, upon heating to 200 °C the ACnF returns to its original mass.  The 
data shown in Figures 4-7 and 4-8 represent a periodic state reached after eight heating/isotherm 
cycles. 
 
 
 
Figure 4-7.  Dry SO2 adsorption at 25 °C onto ACnF, ACFC, and BPL. 
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Figure 4-8.  HCN adsorption at 25 °C onto ACnF, BPL
TM
, and ACFC. 
 
Basic functional groups on the surface of ACnF increase its capacity for SO2 through 
adsorption.  The significant presence of nitrogen groups on the ACnF surface explains its high 
capacity for SO2 compared to ACFC and BPL
TM
 [12, 37].  Available research suggests that 
pyridinic functionalities on activated carbon linearly impact that adsorbent’s ability to oxidize 
SO2 to SO3, which, in turn, increases the SO2 adsorption capacity of the carbon [37].  Despite the 
fact that ACnF contains nearly twice as many pyrrolic groups as pyridinic groups, the impact of 
the basic nitrogen species on the carbon’s SO2 adsorption capacity is evident when comparing it 
to the reference carbons.  While the results presented here were obtained in a non-oxidizing 
atmosphere (making SO3 formation unlikely), the basicity of the ACnF surface is sufficient to 
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promote SO2 adsorption.  In theory, the capacity of ACnF for SO2 could be enhanced further if 
oxygen was also added to the gas stream.  It has been shown previously that for CO2-activated, 
PAN-based carbons impregnated with nitrogen added post activation (using excess solution 
impregnation techniques), SO2 adsorption capacity is maximized for materials containing 10 
wt% N [11].  A significant advantage of ACnF, therefore, is that the nanofibers contain this ideal 
amount of nitrogen in their as-produced state, ideally saving time, energy, and materials in 
production of carbon-based SO2 adsorbents.  While ACnF contains a significant amount of 
nitrogen for adsorption and removal of SO2, its overall adsorption capacity for SO2 in dry 
nitrogen is lower than that of other carbon materials reported in the literature [11, 38].  The 
presence of acidic oxygen functionalities, as well as the low total micropore volume of the ACnF 
material [38] may be limiting its overall adsorption capacity for SO2.   As noted, removal of SO2 
by ACnF may be increased in the presence of O2 and H2O, which encourages formation of SO3 
and subsequent hydration to form H2SO4 [14, 39].  While such changes might increase ACnF’s 
capacity for SO2, they may also decrease the carbon’s ability to desorb SO2 during regeneration.  
Additional activation of the carbon to increase its total micropore volume may also increase its 
SO2 capacity compared to the adsorbents reported in the literature and should not affect its 
regenerability. 
It is useful to compare the HCN adsorption capacity of ACnF (Figure 4-8) with results 
for activated carbon provided by Seredych [40].  Seredych’s HCN adsorption results were 
obtained at 606,000 ppmv compared to HCN concentrations reported here, from 0 to 5,200 ppmv.  
Lower inlet concentrations of HCN were used in this work to understand the influence of surface 
functional groups at gas-phase concentrations of HCN that could be expected for human 
exposure from an atmospheric release, and because HCN’s LC50 ranges from 135 to 3,404 ppmv, 
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for exposure times ranging from 30 minutes to 1 minute, respectively [41].  In both studies, the 
addition of basic surface functional groups resulted in an increase in HCN adsorption.  At the 
higher concentration used by Seredych et al., capillary condensation is expected even in the 
untreated carbon, so the relative impact of the surface functional groups on the treated carbon is 
not as evident.  At the lower HCN concentrations used here, the presence of the surface 
functional groups results in an order-of-magnitude increase in HCN capture over the BPL™ and 
ACFC reference adsorbents.  The adsorption capacity of ACnF for HCN of 27 mg/g (at 2,000 
ppmv, 25 
o
C) is comparable to the amount of HCN retained (10 – 50 mg/g) by copper and 
chromium impregnated activated carbon cloths [4].  This capacity is considered to be of the order 
of magnitude necessary for practical application in respiratory devices.  For example, assuming a 
2,000 ppmv HCN challenge, 30 liters per minute breathing rate, 80 % bed utilization, and an 
adsorbent mass of 150 g, a respirator constructed with ACnF would provide about 48 minutes of 
protection. 
 
4.3.3 Adsorption Kinetics 
 
Rates of ethane adsorption for ACnF are nearly twice that of ACFC and five times faster 
than BPL
TM
 (Figure 4-9).  Nano-dimensioned fibers of ACnF with a high external-surface to 
volume ratio likely facilitate both internal and external mass transfer.  Internal mass transfer 
times may be reduced since the mean distance the adsorbate must travel is shorter.  The high 
external surface area provides better access to the adsorbent’s internal micropores.  Comparing 
the three adsorbents, the overall mass transfer appears to increase exponentially (note the log 
scale in Figure 4-9) with decreasing characteristic dimension of the particle/fiber.  
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Figure 4-9.  Sorption coefficients for ethane adsorption at 25 °C onto ACnF, ACFC, and 
BPL
TM 
versus particle or fiber diameter (log scale).  
 
The fast kinetics observed for ACnF are advantageous for adsorption processes in 
general, and can result in improved adsorbent utilization.  An example of an ideal application for 
this material would be as a polishing adsorbent layer in a respirator.  These fast kinetics are also 
particularly advantageous in cyclic processes such as pressure-swing adsorption systems, where 
the minimum adsorption cycle time determines the overall size of the system.  Such 
considerations are important for determining the overall cost of a multi-vessel, regenerable 
adsorption system. 
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4.4 Summary and Conclusions 
 
Activated Carbon nanoFiber (ACnF) is a carbon-based, nano-scale adsorbent produced 
by eSpin Technologies, Inc. with unique properties.  The low total pore volume, narrow pore 
width, and high nitrogen content of ACnF indicate a low degree of activation for this material 
compared to commercially available activated carbon fiber cloth and BPL
TM
 granular activated 
carbon, which are considered here as reference adsorbents.  The low micropore volume and 
surface area of ACnF result in reduced total capacity for hydrocarbons through physical 
adsorption at high concentrations.  However, at low concentrations (< 500 ppmv), the narrow 
mean pore width (0.72 nm) results in similar or marginally higher capacity for hydrocarbons 
compared to the two reference adsorbents.  Although the nitrogen in the structure (~10% by 
mass) makes the ACnF more hydrophilic, it also gives this material up to 20 times better 
adsorption capacity for acidic TICs, including HCN and SO2, by making the carbon basic.  HCN 
adsorption is reversible with minimal hysteresis, while additional heat (200 
o
C) is required to 
completely desorb SO2 from ACnF pores.  The nanofiber morphology results in faster adsorption 
kinetics compared to the two reference adsorbents because the ACnF’s internal micropores are 
more accessible to the adsorbate.  ACnF’s properties may facilitate the development of improved 
air purification devices such as less restrictive and better performing respirators, regenerative 
filter systems that can protect against TICs, or perhaps smaller and more energy-efficient 
pressure-swing-adsorption systems. 
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4.5 Unique Contributions to the Field Directly Resulting from these Studies 
 
 The following additions to the literature were a direct result of the work performed in this 
dissertation section: 
 
 Showed that commercially-available eSpin activated carbon nanofibers (ACnF) contain a 
high concentration of nitrogen functional groups that add basicity to the carbon’s surface 
[42]. 
 Showed that increased basic functional groups enhance adsorption of acidic gases, 
including HCN and SO2, but have little impact on adsorption of organic gases.  Proposed 
that surface chemistry impacts adsorption of water and highly acidic gases while 
available micropore volume controls the capacity for high concentration organic gases 
[42-43]. 
 Proposed modifications to ACnF to improve its application potential; namely additional 
activation to increase its micropore volume and high temperature hydrogen treatment to 
decrease its surface oxygen content [42].  
 
4.6 Recommendations for Future Work 
 
 ACnF displays beneficial adsorbent properties, but it is important to further investigate 
this material to improve its application potential.  In particular, the following projects are 
recommended based on the work presented in this dissertation. 
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 In its current state, ACnF is a fragile carbon, making it difficult to deploy in realistic 
scenarios without structural support.  Efforts should be placed on strengthening this 
activated carbon by either increasing its thickness or plating it on a support.  Such studies 
would make the carbon much easier to use. 
 Modifications to ACnF’s physical and chemical properties would improve its capacity of 
high concentration organic gases, as well as HCN and SO2.  Research effort should be 
placed on activating the material to a larger degree, while maintaining its inherently high 
nitrogen content. 
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Chapter 5:  Polychlorinated Dibenzo-p-Dioxin/-Furan and Mercury Control via Surface-
Treated Activated Carbon Fiber Cloth, with Simultaneous NO Oxidation for Multi-
Pollutant Control 
 
Abstract: 
 
Activated carbon can be used in a wide range of capacities to control emissions of NO 
(via oxidation to NO2), mercury (Hg, via adsorption), and polychlorinated dibenzo-p-dioxins/-
furans (PCDD/F, via adsorption).  In this work, surface functionalized activated carbons are 
developed, prepared, and tested to simultaneously oxidize NO to NO2 while adsorbing the low 
concentration trace contaminants.  First, Hg and PCDD/F removal by chemically treated carbons 
are individually addressed to identify the properties of their carbon adsorbents that allow for 
increased removal from gas streams.  Sulfur treated, microporous carbons are shown to be most 
effective at controlling Hg through adsorption and PCDD/F through adsorptive destruction.  
Sulfur treated carbons adsorb nearly 300% more Hg than hydrogen treated carbons, which is 
consistent with the literature.  Results also show that sulfur treated carbons not only adsorb 
PCDD/F, but can cause catalytic destruction of as much as 27% of the adsorbed material.  These 
results are combined with prior data from NO oxidation studies to develop a sulfuric acid treated, 
microporous, activated carbon fiber cloth that can control emissions of NO, Hg, and PCDD/F.  
The prepared carbon is tested under ideal conditions (low temperatures, simple gas streams) and 
shown to adsorb PCDD/F or Hg while simultaneously oxidizing NO.  The presence of the trace 
contaminants, either in the gas phase or as adsorbed species, does not impact the conversion 
efficiency for NO oxidation.  This work is intended to provide motivation and justification for 
additional studies investigating multi-pollutant control of NO and trace contaminants by 
exploiting the versatility of carbonaceous materials. 
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5.1 Introduction 
 
 Carbonaceous materials have long been used as adsorbents for trace gases generated as 
byproducts of fossil fuel or municipal waste combustion processes.  In particular, activated 
carbons have been shown to be effective adsorbents for mercury (Hg) produced during coal 
combustion and polychlorinated dibenzo-p-dioxins and –furans (PCDD/Fs) produced during coal 
combustion or municipal waste incineration.  The carbon adsorbents can be injected directly into 
the flue gas stream (activated carbon injection, ACI) or produced as a combustion byproduct that 
becomes entrained in the flue gas (fly ash).  As such, efforts in this chapter are focused on first 
identifying preferred physical and chemical properties of carbons used for controlling these trace 
contaminants and then extended to applying a single carbon material for oxidizing NO and 
adsorbing PCDD/F and Hg. 
 
5.1.1 Mercury 
 
Mercury is a hazardous and bioaccumulating contaminant that causes neurological 
damage [1].  Humans can be exposed to mercury through consumption of fish, as wet or dry 
deposition adds mercury to water sources, and the contaminant eventually concentrates in edible 
fish.  The EPA concluded that 7% of women of child-bearing age are exposed to enough 
mercury to cause adverse health effects to developing fetuses, and that 1% of these women are 
exposed to 3 – 4 times this adverse level [2].  Anthropogenic mercury emissions are generated 
when the metal is released from coal during combustion – typical flue gas concentrations are on 
the order of ppbv or pptv.  Total annual anthropogenic emissions of mercury were on the order of 
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140 Mg Hg/yr in the mid 1990s, and almost 50% of these emissions were attributed specifically 
to coal-fired power-generation facilities, with an additional 5% being attributed to oil and wood 
combustion [3].  Recently, mercury emissions from coal combustion electricity generating 
utilities started being regulated by the US EPA under the 2011 Mercury and Air Toxics 
Standards (MATS) [2].   
Unlike other metals emitted from power generation sources, mercury (Hg
0
/Hg
2+
) is 
typically observed in the gas phase (Hg
0
 boiling point = 356 
o
C), preventing its control via 
particulate removal systems, like electrostatic precipitators (ESPs), which show mercury removal 
efficiencies near 50%, but particulate removal efficiencies > 99% [4].  Adsorption is an effective 
yet expensive means to control gaseous mercury.  Activated carbon injection (ACI) has emerged 
as the leading technique for this removal process [5].  Important variables for determining 
adsorption of Hg
0
/Hg
2+
 include carbon’s physical properties (e.g., micropore volume), chemical 
properties (e.g., sulfur, bromine, or chlorine groups to enhance chemisorption), gas stream 
composition, and catalytic reaction sites (on the carbon surface or in the porous structure) [6-11].  
Mercury removal efficiencies as high as 90% are typical in ACI systems, but high carbon to 
mercury mass ratios (from 3,000:1 to 18,000:1 depending on carbon particle size) are required, 
owing to the exceedingly low concentrations of mercury [12].  The cost of mercury control is 
high, ranging from $110,000 to $154,000/kg of mercury removed [5].  
Impregnated carbons are often used for ACI processes, and impregnation with bromine, 
chlorine, and sulfur has been attempted successfully and shown to enhance removal of mercury 
species through adsorption processes at the bench-, pilot-, and full-scale.  Impregnation with 
these chemicals allows for chemisorption of mercury onto the carbon surface, as opposed to 
physisorption in the carbon’s pores.  This adds potential adsorption sites to the carbon, increasing 
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its overall capacity for mercury.  Vidic and Siler (2001) showed that impregnation with 5% 
chlorine content improved elemental mercury adsorption and removal from gas systems [13].  In 
the same year, Hsi et al. (2001) showed that sulfur impregnated carbon fibers increased overall 
mercury adsorption, despite drastically decreasing the overall surface area of the carbon material, 
from 2,000 m
2
/g to 100 m
2
/g [14].  Chemisorbed mercury species are also less likely to leach 
from the carbon adsorbent after use, potentially reducing future hazardous waste and soil 
contamination issues 
 Mercury control in industrial flue gas streams is difficult, due to mercury’s volatility and 
low concentrations.  Possible control techniques that have been tested in combustion flue gas 
streams include ACI for mercury physical adsorption (or chemical adsorption if carbon is 
impregnated with halogens or sulfur) or elemental mercury oxidation by chlorine radicals in the 
gas stream followed by absorption in existing scrubbers [15-16].  Both of these adsorption and 
absorption techniques, however, are complicated in actual situations because of the complex 
chemical composition of flue gas streams – some components facilitate adsorption and/or 
oxidation while others may hinder these processes [15-16].  This complex system and the need 
for high carbon to mercury ratios to achieve high removal efficiencies makes current mercury 
control techniques expensive and difficult to implement.  If the oxidation catalyst or adsorbent in 
the process can be used for simultaneous multi-pollutant control applications, costs could be 
greatly diminished, making the techniques more economically attractive.  It is important, 
therefore, to continue studying these mercury control techniques, and to explore the potential for 
using a carbon-based material to continuously and simultaneously remove mercury and other 
pollutants from flue gas streams. 
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In this work, select functionalities are added to activated carbon to assess their impact on 
mercury adsorption.  These tests are done to corroborate studies in the literature and provide a 
description of potentially effective carbonaceous materials for multi-pollutant control 
applications.  As such, additional studies presented herein characterize the interdependencies of 
simultaneous Hg adsorption and NO oxidation efficiency. 
 
5.1.2 Polychlorinated Dibenzo-p-Dioxins and –Furans (PCDD/Fs) 
 
PCDD/Fs are similar to mercury because they exist in low concentration (on the order of 
1 ng/Nm
3
), are hazardous, and are bioaccumulating [17].  There are 75 congeners present in the 
PCDD family and 135 congeners present in the PCDF family, each substituted with one to eight 
chlorine atoms.  Seventeen of the congeners have been shown to be notably more harmful to 
humans than the remaining 190+ compounds [18].  For regulatory purposes, only PCDD/F 
compounds with four or more (-tetra to -octa) substituted chlorine atoms are considered and 
controlled because they have been shown to be more harmful than compounds with fewer 
chlorine substitutions.  PCDD/Fs have been shown to be toxic, carcinogenic, mutagenic, and 
teratogenic [19].  Total anthropogenic annual US emissions of dioxins and dioxin-like 
compounds in 2000 were 1,422 g-TEQ (Toxic Equivalents), of which 14% came from 
combustion sources, including coal, wood, and municipal waste [20].  Costs for controlling 
dioxin emissions from Japanese municipal solid waste incinerators (in 1998 US dollars) were 
estimated to be expensive at $140,000,000/kg dioxin removed [21].  Like mercury control, these 
high costs are largely attributed to the exceedingly low concentration of the contaminant. 
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PCDD/Fs are products of incomplete combustion in the presence of chlorine, and several 
formation routes have been proposed [22]: 
 
1.  Gas phase reactions in which chlorinated precursors (i.e., chlorobenzenes, 
chlorophenols, polychlorinated biphenyls) react to form PCDD/F products. 
2.  Condensation reactions where gas phase precursors form as a result of incomplete 
combustion reactions with fly ash.  Chlorine is provided in the gas phase, as released 
during combustion of coal. 
3.  Solid phase reactions that occur on the surface of fly ash, often involving reactions 
between fly ash’s carbon and metal chlorides.  Chlorine is provided in the solid phase, 
as non-combustible impurities that remain in fly ash. 
 
Experiments have shown that gas phase reactions alone cannot account for the majority of 
PCDD/F formation occurring during combustion processes.  Therefore, heterogeneous reactions 
involving fly ash and metal chlorides are believed to be the dominant source of PCDD/Fs in gas 
streams [22].  Copper, specifically copper (II) chloride, has been shown to be one of the most 
reactive metals with fly ash for forming PCDD/F [23-24].  Generally speaking, concentrations of 
PCDFs are much larger than concentrations of PCDDs in flue gas streams, likely resulting from 
the higher temperatures associated with combustion [22].  Often, PCDD/Fs are catalytically 
formed in waste gases, and their formation can be suppressed by limiting the formation and 
subsequent release of metal chlorides in the gas stream [23].  
Adsorptive removal of PCDD/F by activated carbon has been shown, by several different 
research groups, to be an effective strategy to control emissions.  Many of these studies have 
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been completed at the pilot scale or full scale, and all confirm that activated carbon reduces gas 
phase emissions of PCDD/F.  The majority of these studies, however, compare inlet and outlet 
PCDD/F concentrations to determine a net removal efficiency [25-26].  While high total removal 
efficiencies can be obtained via adsorption, the activated carbon also generates additional 
PCDD/F (that is also adsorbed).  Wikstrom and colleagues showed that de novo synthesis of 
PCDD/F takes place on carbons inherently in a flue gas stream (i.e., soot and fly ash) – adding 
additional carbon via ACI could result in additional PCDD/F generation [27].  The majority of 
the generated PCDD/F was of low relative toxicity and primarily comprised of mono- and di-
chlorinated congeners.  Other groups have noted similar results, but few have provided possible 
solutions to this dilemma of additional PCDD/F generation being caused by the injected 
adsorbent [28].  This is problematic because it decreases the lifetime of the carbon, decreases the 
capacity of carbon due to carbon loss for PCDD/F generation, and may result in more difficult 
and hazardous disposal of the PCDD/F-laced sorbent.  It would be beneficial, therefore, to 
identify methods that use activated carbon as a PCDD/F adsorbent, but limit additional formation 
of the trace contaminant. 
Several groups have described PCDD/F destruction using SCR catalysts [29].  Iron oxide 
and palladium have also been shown to be effective PCDD/F destruction catalysts via oxidation 
(> 90% destruction) or dechlorination, respectively [30-31].  However, few groups have shown 
direct adsorption and destruction using carbon-based materials.  Lu et al. recently attempted to 
minimize PCDD/F generation on carbon by adding alkaline groups to the carbon surface [32].  
This resulted in less initial dioxin formation, though catalytic destruction could not be achieved.  
Chang’s research group showed that impregnating activated carbon supports with transition 
metal catalysts, including copper and iron, improves destruction of PCDD/F [33].  To the best of 
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my knowledge, however, a thorough investigation of the impacts of carbon’s physical and 
chemical properties has not been completed in an effort to cause adsorptive destruction of 
PCDD/F, where PCDD/F species that are adsorbed onto activated carbon are converted to less 
harmful chemicals. 
In this work, select functionalities are added to activated carbon to assess their impact on 
adsorptive destruction of PCDD/F.  Functionalities that might be present in common ACI 
sorbents are tested (bromine and sulfur) as well as oxygen, nitrogen, and hydrogen.  The main 
objective of this research is to provide evidence of PCDD/F destruction by activated carbon 
sorbents that are not supports for metal catalysts and to provide suggestions for the preparation 
of carbonaceous materials that can be used to prevent and destroy PCDD/F emissions.  After 
investigating adsorptive destruction of PCDD/F, carbon materials are prepared to simultaneously 
adsorb PCDD/F and oxidize NO to NO2. 
 
5.2 Methods 
 
5.2.1 Activated Carbon Selection and Preparation 
 
Carbons were prepared with select functionalities by the following procedures.  Starting 
carbons are all commercially available (ACFC10 and ACFC20 from American Technical 
Trading, Inc. (Lot #5092), DarcoFGD from Cabot Norit Activated Carbon, and F400 from 
Calgon Carbon Corporation).  These starting materials were selected to include a range of 
average pore widths.  This selection also includes a range of physical morphologies, as 
ACFC10/20 are carbon fibers, DarcoFGD is a powder, and F400 consists of carbon granules. 
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Hydrogen-treated carbons were first washed in 5.3M HNO3 for > 8 h at room temperature 
to remove ash impurities [34].  Acid-washed carbons were washed with deionized water until 
neutral pH and then dried in air at 115 
o
C for > 2 h.  Carbons were then treated in pure hydrogen 
gas (0.5 SLPM) for 8 h at 800 
o
C to destroy adsorbed nitrate groups and remove surface oxygen 
functionalities [35].  These materials were labeled ACFC10-H, ACFC20-H, DarcoFGD-H, and 
F400-H. 
Oxygen surface functional groups were added to carbon via acid-washing [36].  The as-
received activated carbon was stirred for > 8 h in 5.3 M HNO3, washed with deionized water 
until neutral pH, and then heated to 350 
o
C under 0.5 SLPM N2 for 2 h to remove adsorbed 
nitrate groups.  Samples were cooled to room temperature and stored in N2.  This material is 
labeled ACFC10-O. 
Sulfur surface functional groups were added to ACFC-10 by first physically mixing 
select amounts of sulfur and carbon until the sulfur was evenly distributed across the fibers’ 
surface.  Samples were heated to 600 
o
C for 2 h under 0.5 SLPM N2 to sublime sulfur and 
develop covalent bonds between carbon and sulfur [14].  Samples were cooled to room 
temperature and stored in N2.  This material is labeled ACFC10-S(precursor mass ratio of S:C).  
The precursor sulfur to carbon mass ratio was 0.5, 1.0, or 1.5. 
Bromine surface functional groups were added by liquid phase impregnation [37].  
Carbon was stirred for 1 h at room temperature in a 0.5 M Br2 solution in CCl4.  The products 
were washed with deionized water and heated to 110 
o
C under 10 in Hg vacuum for > 24 h to 
remove unbonded bromine from the carbon’s surface.  These materials were stored under N2 
prior to use.  This material is labeled ACFC10-Br. 
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Nitrogen surface functional groups were added to carbon by gas phase ammonia 
impregnation [38].  Carbon was first acid-treated as described above to add acidic oxygen 
surface functionalities to provide sites for ammonia addition.  These carbons were then treated in 
100% anhydrous NH3 gas (0.5 SLPM) at 400 
o
C or 800 
o
C for > 6 h before cooling to room 
temperature and storing in N2.  This material is labeled ACFC10-N(treatment temperature).  
Ammonia treatment occurred at 400 
o
C or 800 
o
C. 
Sulfonate (-SO3H) functional groups were added to carbon by sulfuric acid treatment. 
Activated carbon fiber cloth was emerged in pure sulfuric acid in a stainless steel autoclave.  The 
autoclave was then sealed and placed in an oven at 180 
o
C for > 8 h.  After heating, the autoclave 
was slowly cooled to room temperature under flowing water, and then the carbon was washed 
excessively with water until neutral pH.  This carbon was used as prepared and is labeled 
ACFC10-SO3H (180C). 
 
5.2.2 Hg Reactor 
 
Hg
0
 adsorption tests were carried out in a bench-scale, fixed-bed testing unit available in 
a full height hood in Dr. Hsing-Cheng Hsi’s research laboratory at National Taipei University of 
Technology (Taipei, Taiwan) (Figure 5-1).  A simple flue gas stream containing Hg and N2 or a 
simulated coal-combustion flue gas stream was used for tests presented herein.  Both gas streams 
contained 10 15 μg Nm-3 Hg0 at a given temperature.  The simulated flue gas, contained 14 
vol% CO2, 10 vol% H2O, 6 vol% O2, 50 ppmv HCl, 200 ppmv SO2, 200 ppmv NO, and balanced 
N2.  Hg
0
 was introduced into the gas by contacting a nitrogen carrier gas with a Hg
0
 diffusion 
tube (VICI Metronics).  The Hg
0
 concentrations were controlled by the temperature of the 
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mercury generator (mercury release) and the nitrogen flow rate through the generator (mercury 
dilution).  All gas mixing, water saturation, and mercury injection occurred within a closed, 
temperature-controlled chamber designed to prevent water condensation, which could affect the 
behavior of mercury and the gas concentrations in the flow lines.  The total gas flow rate was 1 
SLPM. 
The resulting gas stream passed through a temperature-controlled (150 
o
C) fixed-bed 
column (0.5 in inner diameter) containing 10 mg carbon mixed with 3 g quartz sand (residence 
time < 0.5 sec).  The effluent gas from the reactor passed through an impinger containing 
SnCl2(aq) that reduced any oxidized mercury compounds to Hg
0
 and an impinger containing 
Na2CO3 that absorbed acid gases (to protect the downstream gas analyzers).  Gases exiting the 
impingers flowed through a gold amalgamation column housed in a tubular furnace where the 
mercury in the gas stream was adsorbed.  Mercury that was concentrated on the gold was 
thermally desorbed at specified time intervals (every six minutes) and sent as a concentrated 
mercury stream to a cold-vapor atomic fluoresce spectrophotometer (CVAFS) for analysis.  The 
mercury adsorption capacities of carbon samples were calculated based on the breakthrough 
results obtained from CVAFS measurements. 
Equilibrium Hg
0
 adsorption capacities (μg Hg0 / g carbon) were determined by summing 
the mass of Hg
0
 removed from the gas stream based on the measured breakthrough curves and 
then dividing by the mass of the adsorbent in the adsorption bed: 
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where mi is the mass of adsorbed Hg
0
 (μg), madsorbent is the total mass of adsorbent (g), t’ is the 
equilibrium breakthrough time (min), Ci,in is the inlet Hg
0
 concentration (μg/m3), Ci,out is the 
outlet Hg
0
 concentration at time t (μg/m3), Qg is the gas flow rate (m
3
/min), and t is the time 
interval during the breakthrough test (min).  The measured adsorption capacities were 
normalized to an inlet Hg
0
 concentration of 10 g/Nm
3
 by: 
 
 (2) 
 
where Cref is 10 g/Nm
3
 and Cact is the actual inlet Hg
0
 concentration.  This calculation assumes 
that the mercury adsorption capacity in this range of concentrations is linearly dependent on the 
concentration of mercury.  Since only low concentrations are being considered, this assumption 
is valid when assuming a Langmuir-type adsorption isotherm. 
 Initial Hg adsorption capacities are calculated as the normalized mass of mercury 
adsorbed per mass of carbon when breakthrough of 5% of the inlet mercury concentration 
occurs.  For several samples studied here, this value is 0 μg/g, implying that mercury 
breakthrough (> 5% of inlet concentration) occurred immediately.
act
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c
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Figure 5-1. Bench-scale mercury adsorption apparatus at National Taipei University of Technology: (1) mercury vapor 
generator; (2) gas mixing chamber; (3) moisture generator; (4) temperature-controlled adsorbent fixed bed; (5) gold 
amalgamation/CVAFS; (6) data acquisition system.  Figure provided by Dr. Hsing-Cheng Hsi.
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Pseudo-1
st
 order kinetic parameters and corresponding rate equations were calculated by 
iteration of the rate constant until the total error between the measured and modeled mass 
adsorption values was minimized.  A rate constant was randomly selected, qm was calculated at 6 
minute intervals (corresponding to the frequency of measurements by the Hg detector), qm was 
compared to qt, and errors were calculated.  The pseudo-1
st
 order rate equation is given by: 
 
 
(3) 
 
where qm represents the modeled adsorption amount (μg/g), qe is the equilibrium adsorption 
capacity for a given set of experimental conditions (μg/g), k is the pseudo-1st order rate constant 
(min
-1
), and t is the adsorption time elapsed (min).  Microsoft Excel was used to find the rate 
constant that minimized the error and total relative error, as described below.  The coefficient of 
determination (R
2) was directly calculated using Microsoft Excel’s CORREL function. 
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where qt is the measured mass adsorbed at time t, qm is the modeled mass adsorbed at time t, and 
n is the total number of data points (150, for most tests presented herein). 
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5.2.3 PCDD/F Reactor 
 
Figure 5-2 describes the PCDD/F adsorption reactor available in Dr. Moo-Been Chang’s 
research laboratory at National Central University (Jhongli, Taiwan).  A concentrated PCDD/F 
solution containing 17 congeners was prepared by extracting the chemicals with hexane from a 
fly ash sample obtained from a municipal waste incineration facility in Taiwan and calibrated 
against a standard solution (Table 5-1, with relative toxicity values for each congener).  PCDD/F 
was added to the reactor system by syringe pump to achieve an inlet concentration of 15 ng 
international toxic equivalents per Nm
3
 (I-TEQ/Nm
3
).  The total gas flow rate was 3 SLPM.  
Inlet oxygen concentration was 7 – 8% by volume (provided via addition of air to the gas 
stream), and nitrogen was the balance gas.  The injected PCDD/F immediately passed through a 
furnace (temperature set point of 550 
o
C) to combust the hexane and isolate the low 
concentration PCDD/F contaminants from the solvent.  Prior, unpublished studies within the 
Chang research group indicate that the hexane combustion products (CO2 and H2O) as well as 
the high temperature of this furnace do not impact the gas phase PCDD/F concentrations in the 
system.  The gas exited the furnace and 2 SLPM was partitioned towards the carbon adsorbent 
bed while 1 SLPM diverged through an upstream XAD-2 resin bed to be used for determining 
the inlet PCDD/F concentrations.  The carbon bed consisted of 1 part carbon adsorbent (ground 
to a powder) mixed with 9 parts quartz sand (by mass).  Total mass used for each experiment 
was 2.93 g.  The carbon bed sat in a furnace at 200 
o
C.  Downstream of the carbon adsorbent 
bed, a second XAD-2 resin bed was used to trap PCDD/F that breaks through the carbon bed.  
The downstream bed is used as a safety measure and to complete mass balance calculations.  The 
total test time was 2 h for each experiment presented herein.  Average inlet PCDD/F masses for 
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the considered congeners are included in Table 5-1.  Note that this particular set of congeners is 
selected based on their level of toxicity and regulation. 
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Figure 5-2.  Schematic drawing of PCDD/F reactor at National Central University.  Figure provided by Mr. Pao-Chen Hung.
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Table 5-1.  Average composition of PCDD/F added to reactor system during 2 h 
experiment, as collected, extracted, and measured from upstream XAD-2 resin. 
Congener 
Relative 
Toxicity 
Mass Mean 
(ng) 
Mass      
Std Dev 
(ng) 
Mean 
(ng I-TEQ) 
Std Dev 
(ng I-TEQ) 
2378-TCDD 1 0.0759 0.0100 0.0759 0.0100 
12378-PeCDD 0.5 0.4676 0.0428 0.2338 0.0214 
123478-HxCDD 0.1 0.4737 0.0344 0.0474 0.0034 
123678-HxCDD 0.1 0.7075 0.0551 0.0707 0.0055 
123789-HxCDD 0.1 0.5791 0.0684 0.0579 0.0068 
1234678-HpCDD 0.01 1.5809 0.1415 0.0158 0.0014 
OCDD 0.001 1.0181 0.1578 0.0010 0.0002 
2378-TCDF 0.1 0.6934 0.0252 0.0693 0.0025 
12378-PeCDF 0.05 1.4112 0.0929 0.0706 0.0046 
23478-PeCDF 0.5 3.5267 0.2390 1.7634 0.1195 
123478-HxCDF 0.1 3.2418 0.2250 0.3242 0.0225 
123678-HxCDF 0.1 3.1138 0.2124 0.3114 0.0212 
234678-HxCDF 0.1 3.9353 0.2823 0.3935 0.0282 
123789-HxCDF 0.1 1.2624 0.1153 0.1262 0.0115 
1234678-HpCDF 0.01 7.7275 0.4669 0.0773 0.0047 
1234789-HpCDF 0.01 0.7435 0.0667 0.0074 0.0007 
OCDF 0.001 1.5075 0.1541 0.0015 0.0002 
Total  32.0659 2.1314 3.6474 0.2469 
 
 
PCDD/F was extracted from the upstream and downstream XAD-2 resins, as well as the 
adsorbent bed, using Soxhlet extracting methods and following US EPA Method 23 [39].  
Collected PCDD/F was cleaned, concentrated, and analyzed with high resolution Gas 
Chromatography (Thermo Scientific Trace GC) with high resolution Mass Spectrometry 
(Thermo Scientific DFS) (GC-MS).  Prior reproducibility tests for US EPA Method 23 using the 
extraction and analysis system available at National Central University identify a PCDD/F 
extraction efficiency of 89 – 108%, indicating that numbers outside of this range confirm loss or 
gain of PCDD/F species [26].  Therefore, for the results presented herein, destruction of PCDD/F 
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is expected to occur if the determined mass balance (total inlet PCDD/F amount compared to the 
sum of PCDD/F collected from the outlet XAD-2 column and the adsorbent bed) is less than 
89%.  Such information is relevant when assessing the adsorptive destruction potential of 
functionalized carbons, as described herein. 
 
5.2.4 Multi-Pollutant Control Testing 
 
Reactors were prepared to simultaneously test Hg adsorption with NO oxidation, and 
PCDD/F adsorption/destruction with NO oxidation.  Screening tests are used to provide evidence 
about the potential practicality of simultaneous NO oxidation with control of trace contaminants.  
As such, these tests are intended to provide motivation for future multi-pollutant control studies 
using carbon-based materials.  Specifically, the expectation is that these novel, though 
preliminary, findings will be used as supporting evidence in future research efforts. 
 For Hg adsorption with NO oxidation, the reactor system described earlier (Figure 5-1) 
was modified to allow for simultaneous, real-time detection of Hg and NOx.  Hg data were 
recorded as a 6 min average concentration while NOx data represents a 10 sec average 
concentration (measured with a Thermo 42iHL NO/NO2/NOx analyzer).  As such, both 
detections are considered semi-continuous.  A schematic drawing of the updated reactor is 
described in Figure 5-3.  While realistic flue gas components were available, most tests, unless 
otherwise noted, were completed in the presence of only NO, N2, O2, and Hg.  Total gas flow 
rate was maintained at 1 SLPM (room temperature, ambient pressure) and the reactor was set at 
50 
o
C. 
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Figure 5-3.  Schematic representation of reactor used for tests investigating simultaneous 
NO oxidation and Hg adsorption 
  
Combined Hg and NO experiments were completed under an assortment of conditions.  To start, 
NO oxidation with Hg adsorption occurred at 50 
o
C in a dry gas stream consisting of Hg (~15 
ug/m
3
), NO (360 ppmv), O2 (8 vol%), and N2 (balance).  For these tests, 250 mg of sulfuric acid 
treated activated carbon fiber cloth (ACFC10-SO3H(180)) was mixed with 3 g of quartz sand.  A 
subsequent experiment used high concentration Hg (~150 μg/m3), NO (300 ppmv), O2 (10 vol%), 
and N2 (balance).  This test required only 100 mg of activated carbon but maintained 3 g of 
quartz sand.  The goal for this higher mercury concentration (and lower carbon mass) experiment 
was to more quickly saturate the activated carbon with mercury, exceeding realistic adsorbed 
masses, to better understand mercury’s impact on NO oxidation.  In other tests, efforts were 
focused on identifying the individual contribution of SO2 (100 ppmv) and H2O (10 vol%, added 
via water pump) to both NO oxidation and Hg adsorption.  The feed for the NOx analyzer was 
placed before the impinger train to prevent loss of NOx through dissolution in the basic Na2CO3 
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bubbler.  A moisture trap (Perma Pure Nafion Tube dryer) was placed immediately in front of 
the NOx analyzer to protect the instrument from contamination with water. 
For PCDD/F removal with NO oxidation, Figure 5-4 describes the prepared reactor.  This 
reactor is similar to the PCDD/F-only reactor described in Figure 5-2, but it also includes a NO 
inlet and NOx detection capabilities. 
 
 
Figure 5-4.  Schematic representation of reactor used for tests investigating simultaneous 
NO oxidation and PCDD/F adsorption/destruction.  The NO injection point was tested at 
two locations, upstream (1) and downstream (2) of the high temperature furnace, as 
indicated in the schematic. 
 
Combined PCDD/F and NO experiments were also completed under an assortment of conditions.  
Initial testing injected all gases, including NO, upstream of the higher temperature furnace 
(labeled “1” in Figure 5-4).  Results, described herein, indicated that this caused partial loss of 
NO, so the entry point for NO was switched to downstream of the higher temperature furnace 
(labeled “2” in Figure 5-4).  Similar dioxin amounts (15 ng I-TEQ/Nm3) and compositions were 
used for these multi-pollutant tests as the initial PCDD/F-only experiments (Table 5-1).  The 
PCDD/F was once again injected as a solution in hexane, and a 550 
o
C furnace is intended to 
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decompose the hexane prior to the gas stream entering the reactor.  Total gas flow rate for all 
experiments was 3 SLPM, with 2 SLPM passing through the carbon reactor and 1 SLPM passing 
through the upstream XAD-2 collector.  The reactor temperature was 50 
o
C for all NO with 
PCDD/F experiments.  Unlike the PCDD/F-only experiments, a downstream XAD-2 column was 
not used here because NO2 has been previously shown to degrade the adsorbent [40].  Instead, a 
chiller filled with circulating ice water is used, primarily as a safety measure, to condense any 
PCDD/F that breaks through the carbon bed.  After each experiment, PCDD/F was extracted, 
cleaned, and analyzed from the upstream XAD-2, the carbon bed, and the chiller, again 
following procedures described in US EPA’s Method 23 [39].  
 
5.3 Results and Discussion 
 
5.3.1 Control of Hg by Surface-Modified Activated Carbons 
 
It is important to understand the physical and chemical properties of carbon-based 
mercury adsorbents to better tailor the materials to be used for multiple pollutant control.  Since 
the literature is clear that microporosity is needed to adsorb low-diameter mercury pollutants, in 
this work, only the most microporous carbon readily available for experiments, ACFC10, was 
studied [10-11, 14].  As such, ACFC10 treated with hydrogen, oxygen, nitrogen, bromine, and 
sulfur were prepared as described earlier.  While similar experiments are available in the 
literature for an assortment of different carbonaceous materials, the goal for these tests was to 
assess the impacts of a variety of impregnants on a single carbon material (ACFC10) so that 
comparisons could be made between carbons used for NO oxidation, Hg adsorption, and 
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PCDD/F adsorption.  It is expected that results for chemically different carbons described herein 
will corroborate the information that is already available in the literature.  Specifically, carbon 
impregnated with sulfur functional groups should show increased Hg adsorption capacity as long 
as it maintains some degree of microporosity [11, 14].  Carbon treated with bromine is expected 
to adsorb increased Hg compared to untreated carbons, but is not predicted to perform better than 
sulfur-functionalized carbon [7].  The fact that previous studies (Chapter 3 of this dissertation 
and [41]) indicated increased NO oxidation for ACFC10 compared to other carbon materials 
provided additional motivation to focus on the highly microporous carbon (ACFC-10) during 
these tests.  Figure 5-5 and Table 5-2 describe the ability of the surface-treated carbons to adsorb 
Hg in a simulated flue gas stream, with fitted curves representing pseudo-1
st
 order adsorption 
isotherms extending the data to longer time scales.  Table 5-3 describes the minimized errors 
calculated for each of the pseudo-1
st
 order fits. 
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Figure 5-5.  Hg adsorption in a simulated flue gas stream by surface-functionalized 
activated carbon fiber cloth.  Measured data (points) are recorded until 900 – 1200 min for 
each sample and subsequent extensions are made using pseudo-1
st
 order fitting curves 
 
Table 5-2.  Mercury adsorption capacities and kinetic parameters for surface-
functionalized activated carbon fiber cloth. 
ACFC10 
Treatment 
Pseudo-1
st
 Order 
Rate Constant 
(min
-1
) 
Initial 
Capacity 
(μg/g) 
Equilibrium 
Capacity 
(μg/g) 
Time Until 95% of 
Eq. Capacity 
(h) 
Sulfur 0.000126 1,361 14,226 396 
Hydrogen 0.00043 0 3,566 116 
Bromine 0.0006 0 2,889 83 
Nitrogen 0.0013 0 1,322 38 
Oxygen 0.0012 0 1,299 42 
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Table 5-3.  Error-Analysis showing sufficient fit for pseudo-1
st
 order kinetic models 
described in Figure 7. 
ACFC10 
Treatment 
Pseudo-1
st
 Order 
Rate Constant 
(min
-1
) 
Error 
(%) 
Total Relative 
Error (%) 
R
2
 
Sulfur 0.000126 0.250 1.25 0.999 
Hydrogen 0.00043 0.606 1.90 0.999 
Bromine 0.0006 1.42 2.73 0.995 
Nitrogen 0.0013 3.70 4.62 0.985 
Oxygen 0.0012 11.4 8.60 0.977 
 
 ACFC10 treated with sulfur has the highest adsorption capacity for mercury, but it is also 
the only sample capable of completely preventing mercury breakthrough, even if only for a short 
period of time (approximately 10 h).  Breakthrough curves for the hydrogen and sulfur treated 
materials, which showed the two highest Hg capacities, are shown in Figure 5-6 to highlight the 
performance differences between the two carbons. 
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Figure 5-6.  Mercury breakthrough curves for hydrogen and sulfur treated activated 
carbon fiber cloth.  Breakthrough curves are not included for N, O, and Br treated carbons 
for clarity and since they resemble the curve for ACFC10-H. 
 
 Table 5-3 indicates that the pseudo-1
st
 order model and the corresponding rate constants 
are accurate fits for all of the described results.  As the Hg capacity of the treated carbon 
decreases, the fit for the pseudo-1
st
 order model decreases.  This may result from the variability 
in data that appears to increase as the Hg adsorption performance decreases.  This is clearly 
described in Figure 5-6, where the hydrogen-treated carbon shows much more variability in 
breakthrough amount with small time increments, compared to the amount of Hg breakthrough 
for the sulfur treated carbon that remains consistent from point to point and only shows gradual 
changes.  Nevertheless, the pseudo-1
st
 order curves consistently represent the data with low error 
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for all materials tested.  Other models (e.g., Avrami Equation) showed increased error compared 
to the pseudo-1
st
 order model. 
These results showing improved performance for sulfur-treated carbon are consistent 
with information available in the literature [6, 14].  Sulfur treated carbons have been described 
by several different groups to perform exceptionally well for Hg adsorption.  The sulfur groups 
are believed to enhance chemisorption of Hg, especially in excess of 100 
o
C where 
chemisorption is predicted to be the dominating adsorption mechanism [42].  There have been 
discrepancies regarding the impact of oxygen functional groups on Hg adsorption, with some 
authors claiming that oxygen surface groups increase Hg adsorption [10].  This work clearly 
supports that oxygen functionalities added via nitric acid treatment decrease adsorption of Hg 
compared to the hydrogen-treated control material.  It is plausible that using a realistic flue gas 
stream containing 10 vol% water results in increased adsorption of water on the hydrophilic 
carbon, which in turn hinders Hg adsorption.  Recent literature provides strong evidence that 
brominated carbons will enhance Hg adsorption, but the data presented here does not support 
such conclusions [43-45].  Rather, the only functional group that provides improved adsorption 
of Hg beyond the hydrogen-treated control material is sulfur. 
 This research completed under wet conditions and prior NO oxidation studies completed 
under dry conditions [41] indicate that microporous carbons are essential for tailored materials 
that are to be used for multiple pollutant control.  Furthermore, the addition of acidic sulfur 
groups to carbon (possibly through sulfuric acid treatment) may satisfy both the need for sulfur 
(Hg adsorption) and the need for acidity (NO oxidation).  Results in section 5.3.3.1 describe such 
efforts for dry gas conditions. 
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5.3.2 Control of PCDD/F by Surface-Modified Activated Carbons 
 
 Because there is less information available in the literature regarding control of PCDD/F 
by carbonaceous materials, PCDD/F control experiments were designed to assess the impacts of 
both carbon’s physical and chemical properties on PCDD/F removal.  As such, carbons with 
similar chemical properties but different physical properties were prepared in addition to the 
materials impregnated with different functional groups (but maintaining similar physical 
properties).  These results represent unique contributions to the literature, as fundamental 
assessments identifying the impacts of carbon’s properties on PCDD/F control are, generally, not 
thoroughly described.  As such, the PCDD/F control experiments and carbon adsorbents were 
first developed at the University of Illinois and then tested for PCDD/F control at Dr. Moo-Been 
Chang’s laboratories at National Central University, Taiwan. 
 
5.3.2.1 Overall Removal Efficiency for PCDD/F Species 
 
Figure 5-7 describes the net removal efficiency of PCDD/F for each of the prepared 
activated carbon materials, on the basis of both total mass removed and total mass toxicity (ng I-
TEQ) removed.  This was calculated by comparing the inlet PCDD/F concentration (as collected 
on the upstream XAD-2 resin) to the outlet PCDD/F concentration (as collected on the 
downstream XAD-2 resin).  Table 5-4 shows the mass removal efficiencies for individual 
PCDD/F congeners by all tested carbon materials.  
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Figure 5-7.  Total TEQ and mass removal efficiencies for physically and chemically 
different activated carbons adsorbing PCDD/F.
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Table 5-4.  Mass removal efficiency for each PCDD/F congener for all tested carbon materials. 
Sample 
ACFC10-H 
(%) 
ACFC20-H 
(%) 
DarcoFGD-H 
(%) 
F400-H 
(%) 
  
ACFC10-O 
(%) 
ACFC10-Br 
(%) 
ACFC10
-N(400) 
(%) 
ACFC10
-N(800) 
(%) 
ACFC10
-S(0.5) 
(%) 
ACFC10
-S(1.0) 
(%) 
ACFC10
-S(1.5) 
(%) 
             2378-TCDD 87.95 99.77 18.87 97.60   99.68 99.78 98.99 98.93 99.64 99.64 99.83 
12378-PeCDD 95.13 99.88 65.27 99.14   99.80 99.82 99.56 99.68 99.82 99.89 99.89 
123478-HxCDD 97.16 99.94 79.63 99.45   99.89 99.86 99.74 99.87 99.88 99.94 99.92 
123678-HxCDD 97.54 99.93 82.68 99.42   99.86 99.87 99.26 99.87 99.89 99.93 99.91 
123789-HxCDD 95.85 99.91 76.50 99.57   99.77 99.82 98.96 99.72 99.82 99.82 99.81 
1234678-HpCDD 93.24 99.76 51.90 99.34   99.29 99.19 98.07 99.54 99.86 99.76 99.31 
OCDD 62.16 96.91 -72.84 96.37   89.48 91.20 78.66 96.16 98.97 95.43 92.18 
             2378-TCDF 99.87 99.95 99.91 98.65   99.89 99.61 99.40 99.66 99.76 99.83 99.95 
12378-PeCDF 99.87 99.96 99.87 99.08   99.88 99.96 99.51 99.85 99.76 99.87 99.97 
23478-PeCDF 99.96 99.97 99.95 99.15   99.91 99.98 99.74 99.94 99.81 99.95 99.98 
123478-HxCDF 99.94 99.96 99.88 99.42   99.93 99.98 99.90 99.96 99.84 99.95 99.98 
123678-HxCDF 99.95 99.96 99.94 99.41   99.93 99.98 99.84 99.96 99.85 99.95 99.98 
234678-HxCDF 99.95 99.97 99.95 99.46   99.90 99.98 99.67 99.96 99.85 99.92 99.98 
123789-HxCDF 99.94 99.95 99.94 99.54   99.88 99.98 99.23 99.95 99.81 99.89 99.98 
1234678-HpCDF 99.92 99.93 99.86 99.59   99.82 99.97 99.85 99.96 99.81 99.90 99.97 
1234789-HpCDF 99.94 99.92 99.87 99.54   99.90 99.97 99.51 99.96 99.92 99.87 99.97 
OCDF 98.97 99.41 99.02 98.82   97.45 99.75 99.10 99.71 99.69 99.38 99.84 
             Total I-TEQ 
Removal 
Efficiency 
99.21 99.95 95.04 99.23   99.88 99.94 99.66 99.89 99.82 99.92 99.96 
             Total Mass 
Removal 
Efficiency 
98.26 99.83 90.41 99.26   99.38 99.61 98.73 99.77 99.79 99.76 99.74 
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First, it is clear that this group of carbon materials can successfully prevent emissions of 
PCDD/F, even during the short residence times (< 0.2 sec) provided in these tests.  Mass removal 
efficiencies were between 90.4% and 99.8% and I-TEQ removal efficiencies were between 
95.0% and 100.0% for all tested carbons.  In general, the net removal efficiencies (both on a 
mass and I-TEQ basis) were larger for the surface functionalized carbons than the hydrogen 
treated materials, though the differences were quite small compared to the reproducibility of the 
system.  Excluding the DarcoFGD-H sample, the total I-TEQ removal efficiency is greater than 
99.2% and the total mass removal efficiency is greater than 98.3% for all samples (Figure 5-7).  
It is not immediately clear why DarcoFGD-H performed notably worse than the other carbons.  It 
removes > 99% of each PCDF congener, but removes < 83% of each PCDD congener, and even 
has a negative removal efficiency for OCDD indicating that additional OCDD may be generated 
during the experiment (Table 5-4).  It is worth noting that this sample has the highest volume of 
mesopores of the four hydrogen-treated carbons, and the largest average pore width.  This impact 
of pore width, however, is a stark contrast to descriptions in the literature that show higher 
PCDD/F adsorption and removal efficiencies for activated carbons with larger pore volumes in 
the meso/macropore range [26].  Here, the authors attributed the increased removal efficiencies 
in larger pores to the large size of PCDD/F (1.4 nm x 0.74 nm x 0.35 nm) preventing adsorption 
in more narrow carbon pores.  Therefore, it is not understood why the DarcoFGD-H sample in 
this study showed lower total PCDD/F removal efficiency, but it is clear that even the narrow 
pore widths of ACFC10-H are capable of adsorbing PCDD/F from a gas stream.   
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5.3.2.2 Adsorptive Destruction of PCDD/F Species 
 
Table 5-5 describes the destruction efficiencies for each of the 17 tested PCDD/F 
congeners, for each of the selected carbon materials.  Such results are important to assess 
because PCDD/F adsorption by carbon materials is often associated with the generation of 
additional PCDD/F congeners, which can increase waste disposal problems and decrease the 
lifetime and capacity of the adsorbent.
 213 
Table 5-5.  Destruction efficiency for congeners by all tested carbon materials.  Note that negative destruction efficiencies 
correspond to PCDD/F generation during the experiment. 
Sample 
ACFC10-H 
(%) 
ACFC20-H 
(%) 
DarcoFGD-H 
(%) 
F400-H 
(%) 
  
ACFC10-O 
(%) 
ACFC10-Br 
(%) 
ACFC10
-N(400) 
(%) 
ACFC10
-N(800) 
(%) 
ACFC10
-S(0.5) 
(%) 
ACFC10
-S(1.0) 
(%) 
ACFC10
-S(1.5) 
(%) 
             2378-TCDD -9.28 3.94 -68.32 -1.27   6.70 14.31 35.46 -3.85 -3.67 -1.15 10.06 
12378-PeCDD -3.00 7.87 -19.00 -9.77   4.13 2.80 19.40 -1.76 -2.40 2.73 21.41 
123478-HxCDD -4.93 1.89 -12.86 -2.12   20.36 16.98 18.84 4.24 7.26 10.69 32.10 
123678-HxCDD -3.36 4.14 -5.72 -3.17   17.66 13.17 16.36 4.55 4.62 10.15 29.42 
123789-HxCDD 0.98 48.11 35.32 10.68   16.31 13.58 22.41 11.38 0.97 7.00 24.56 
1234678-HpCDD -5.90 11.00 -25.83 7.64   25.74 27.32 27.51 9.79 14.34 17.75 35.05 
OCDD -11.51 24.74 -137.65 38.01   36.04 29.34 30.18 31.75 37.42 27.98 40.93 
             2378-TCDF 1.59 4.54 26.38 -2.80   8.46 0.68 8.49 -2.12 -7.43 4.88 16.74 
12378-PeCDF -1.79 4.64 14.02 -3.25   7.63 1.86 10.51 2.14 -2.08 4.31 20.62 
23478-PeCDF 2.82 -21.84 -18.84 -6.16   6.90 8.17 14.87 4.80 8.36 9.27 25.97 
123478-HxCDF -3.05 3.09 2.34 -4.27   20.33 15.21 12.29 3.13 6.85 11.62 33.22 
123678-HxCDF -2.03 4.28 6.77 -3.69   16.52 12.30 12.12 3.05 4.73 9.96 30.22 
234678-HxCDF -8.51 1.48 21.00 -3.81   16.50 11.24 18.32 4.04 7.34 11.27 31.68 
123789-HxCDF 1.00 21.62 38.89 4.73   16.27 10.67 15.16 8.30 7.59 8.23 27.26 
1234678-HpCDF 4.97 6.99 9.48 6.63   28.28 29.17 17.72 9.08 17.26 20.54 39.57 
1234789-HpCDF 5.35 39.46 65.28 -3.20   19.16 21.44 17.67 7.99 13.08 14.11 35.9 
OCDF -15.52 -9.57 30.18 3.53   25.80 27.17 19.33 7.30 24.49 18.83 37.43 
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A few trends are evident based on the PCDD/F destruction efficiency data.  First, it is 
clear that generation of PCDD/F (denoted in Table 5-5 as a negative destruction efficiency) is 
prominent only in the hydrogen treated carbon materials.  Where additional PCDD/F is being 
generated, there is no clear trend in the identity of the congeners being produced (Figure 5-8).  
For the surface functionalized carbons, however, destruction is clearly more significant for 
higher-order PCDD/F compounds, and the trends are linear with only one exception (Figure 5-9).  
This is consistent with the literature that describes decomposition of higher order PCDD/F 
resulting in generation of lower order compounds or complete decomposition to CO2, H2O, and 
HCl [46].  In this data, this trend is especially evident for the materials that cause high PCDD/F 
destruction, including the sulfur treated carbon materials.  ACFC10-S(1.5), for example, destroys 
41% of Oct-PCDD, 35% of Hept-PCDD, 29% of Hex-PCDD (average for 3 Hex-PCDD 
compounds), 21% of Pent-PCDD, and 10% of Tert-PCDD.  Similarly, ACFC10-S(1.5) destroys 
37% of Oct-PCDF, 38% of Hept-PCDF (average for 2 Hept-PCDF compounds), 31% of Hex-
PCDF (average for 4 Hex-PCDF compounds), 23% of Pent-PCDF (average for 2 Hept-PCDF 
compounds), and 17% of Tert-PCDF.  It follows that the destruction trends are similar for both 
PCDD and PCDF (Figure 5-9).  It is worth noting that no surface functionalized carbon material 
caused generation of PCDD/F with more than 5 chlorine groups.  That is, positive destruction 
efficiencies are seen for all Hex, Hept, and Oct congeners when using surface functionalized 
carbons.  This is not necessarily an optimal result, as Tert- and Pent-PCDD/F have the highest 
toxicity of all PCDD/F.  Destruction to Tri-, Di-, and Mono-PCDD/F is preferred because of 
their low toxicity and likely occurring during these experiments based on measured decreases in 
overall toxicity, though these compounds could not be differentiated using the described GC-MS 
analyzer.  Complete PCDD/F decomposition resulting in HCl or Cl2 formation and release is also 
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possible, though such a hypothesis could not be confirmed.  That being said, for all carbons that 
result in PCDD/F destruction, a net decrease in the toxicity of the system is noted indicating that 
destruction to less toxic species is occurring.  To the best of my knowledge, this work represents 
the first results showing destruction of PCDD/F congeners using carbonaceous adsorbents that 
have not been modified by impregnation with metal nanoparticles (Figure 5-9 and Table 5-5).  
Typically, the fact that adsorbent carbons do not destroy PCDD/F is used as motivation for 
testing non-carbonaceous materials for controlling PCDD/F [46-47].  This work, however, 
indicates that adsorptive carbons may also be capable of significant destruction of PCDD/F when 
specifically tailored to do so.
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Figure 5-8.  Destruction efficiencies by number of chlorine atoms for PCDD/F destruction 
by hydrogen treated carbons. 
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Figure 5-9.  Destruction efficiencies by number of chlorine atoms for PCDD/F destruction 
by surface treated carbons. 
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Trends further indicate that by increasing the bulk sulfur content of the activated carbon, 
increased PCDD/F destruction efficiencies are achieved.  That is, net destruction efficiency for 
sulfur treated carbons proceeds as ACFC10-S(0.5) < ACFC10-S(1.0) < ACFC10-S(1.5).  
ACFC10-S(1.5) far outperformed the other treated carbons in terms of PCDD/F destruction 
efficiency (Figure 5-9).  Such a result has not been previously shown for carbon adsorbents, 
though researchers have described decreased PCDD/F concentrations in systems containing SO2 
[48].  This is a particularly exciting result, as sulfur-treated carbons have similarly been shown to 
increase adsorption of elemental mercury (Figure 5-5), and are regularly used in activated carbon 
injection systems at coal-fired power plants.  The potential for simultaneous trace contaminant 
control of PCDD/F (via adsorptive destruction) and mercury (via physical/chemical adsorption) 
using sulfur-treated carbons is high.  Motivation to further investigate such an idea is also high 
given the extreme costs associated with controlling an individual trace contaminant. 
For all four tested hydrogen-treated activated carbon materials, there is an overall 
increase in the toxicity of the adsorbed dioxin species (Figure 5-10).  While the average increase 
is inside of the reproducibility of the system, the fact that collected PCDD/F species for all four 
systems including hydrogen-treated carbons shows a toxicity value > 100% justifies its mention.  
Since only a simple flue gas is being used (N2, O2, PCDD/F), this means that the adsorbed 
dioxins are being converted to more toxic forms.  That is to say, there is no inlet source of 
chlorine, so new PCDD/F are not being created.  Rather, existing PCDD/F are being converted to 
more toxic forms, causing the observed increases in the total TEQ, by up to 7%.  As noted above, 
all four hydrogen-treated carbons, regardless of precursor or pore size distribution, caused this 
increase in total toxicity. 
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All tested surface-functionalized materials caused a net decrease in the number of total 
TEQ (Figure 5-10).  Many of these decreases are outside of the systems reproducibility value, 
confirming the destruction of the toxic materials.  The decrease in the chlorine mass balance 
indicates that chlorine was lost during the reaction, possibly as Cl2 or HCl that resulted from 
decomposition of the inlet PCDD/F though more likely to the formation of lower order PCDD/F 
species that were not analyzed (because they have low toxicity, are not regulated, and are 
difficult to distinguish using GC-MS).  Note that the chlorine mass balance is lower than the total 
mass balance in all instances, which may indicate that carbon from the adsorbent material is 
contributing to generation of additional PCDD/F, despite net decreases in toxicity.  As 
mentioned earlier, ACFC10-S(1.5) stands out as the best of the tested materials for destroying 
PCDD/F species and reducing the overall toxicity of the contaminants.  While the mechanism for 
PCDD/F dechlorination by functionalized carbons is not understood at this stage, it should be 
mentioned that sulfur-doped carbons are rapidly emerging in the literature as efficient and lower 
cost metal-free catalysts, primarily for oxygen reduction in electrochemical applications [49-50].  
Additional studies should show whether or not the PCDD/F dechlorination reactions described 
here are catalytic.  
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Figure 5-10.  Chlorine and Total Mass Balances for each tested carbon material. 
 
Two trends are clearly noted based on these tests describing PCDD/F control by carbon 
materials.  First, while not necessarily consistent with the literature, microporous carbons are 
most effective at preventing breakthrough of PCDD/F congeners.  Second, surface functionalities 
(N, S, O, Br) added via different impregnation techniques encourage the destruction of PCDD/F 
congeners, while hydrogen groups support additional PCDD/F generation in the simple gas 
streams tested here.  In particular, sulfur groups are capable of causing the largest destruction 
efficiencies of the materials tested.  These carbon properties are consistent with optimal 
properties for Hg control (sulfur and micropores), and also provide motivation for investigating 
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needed to fully identify the destruction mechanisms that allow functionalized carbons to decrease 
the overall PCDD/F toxicity. 
 
5.3.3 Simultaneous NO Oxidation and Trace Contaminant Control 
 
Studies were completed and described earlier to investigate the physical and chemical 
properties of carbonaceous materials used as NO oxidation catalysts, Hg adsorbents, and 
PCDD/F adsorbents and destruction reagents.  These individual tests were used to identify 
similarities between the materials used to control the various contaminants and resulted in unique 
research contributions for NO oxidation and PCDD/F adsorptive destruction.  Results from these 
studies are summarized in Table 5-6. 
 
Table 5-6.  Preferred physical and chemical properties for carbon materials used for 
controlling emissions of NO, Hg, and PCDD/F.  
Gas to be Adsorbed/Transformed by 
Carbon and Preferred Control Method 
Preferred Physical 
Properties 
Preferred Chemical 
Properties 
NO 
- Oxidation to NO2 
 Narrow Micropores   
(0.5 – 0.7 nm) 
 Acidic Surface Groups               
(e.g., -COOH, -SO3H) 
Hg 
- Physical Adsorption 
- Chemical Adsorption 
 Micropores 
 Sulfur (Impregnated by 
heating C + S(s) mixture) 
PCDD/F 
- Physical Adsorption 
- Catalytic Destruction 
 Micropores 
 No Noticeable Changes 
in Removal Efficiency 
with Changing Surface 
Groups 
 Sulfur (Impregnated by 
heating C + S(s) mixture) 
Improves Destruction of 
PCDD/F 
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 This research identified similar carbon properties for adsorbents to be used for controlling 
both Hg and PCDD/F (micropores and sulfur functional groups) (Table 5-6).  NO oxidation also 
requires micropores, but Chapter 3 highlighted the positive impacts of acidic oxygen functional 
groups while sulfur functional groups were not discussed (Table 5-6).  It follows, therefore, that 
the physical properties of a carbon material intended to adsorb trace contaminants while 
oxidizing NO must include micropores, but the chemical properties are not as clearly defined.  
Table 5-6 generally states that functional groups are needed for both the adsorbent and catalytic 
processes, and that the added functional groups should not block the carbon’s micropores.  In an 
effort to develop a material that satisfies all of these different requirements, microporous 
ACFC10 was treated with sulfuric acid to increase the sulfur content and acidity of the carbon 
without drastically altering its microporous structure.  Impregnated sulfonate groups resulting 
from the treatment could provide the sulfur, acidity, and oxygen shown to be beneficial for 
controlling each individual contaminant.  This treatment, therefore, provided a logical starting 
point for developing the multi-pollutant control carbon.  It is important to note that this material 
does not contain the traditional form of sulfur used to control mercury (either elemental sulfur or 
organic sulfur), but it was intended as a starting point for these experiments.  Sulfuric acid 
treated carbon contained 0.5 wt % sulfur and 10 wt % oxygen.  The large increase in oxygen may 
also render the carbon hydrophilic, causing water coadsorption concerns in real flue gas streams.  
Nevertheless, this material was tested for simultaneous control of NO and Hg or NO and 
PCDD/F, neither of which had been previously reported in the literature.  Future research should 
continue to investigate carbonaceous materials with different functionalities (e.g., sulfur and 
oxygen impregnated separately via HNO3 treatment followed by elemental sulfur impregnation) 
for multi-pollutant control of these contaminants. 
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5.3.3.1 Simultaneous Hg Control with NO Oxidation 
 
 Initial Hg/NO testing was completed using an inlet Hg concentration of approximately 24 
μg/m3 with an inlet NO concentration of about 360 ppmv.  Oxygen concentration was 10 vol % 
and 250 mg of finely ground and dried ACFC10-SO3H (180C) was mixed with 3 g of quartz 
sand.  Figure 5-11 describes Hg removal efficiency and NO oxidation efficiency versus time and 
Figure 5-12 specifies the NO/NO2/NOx effluent concentration profiles versus time. 
 
 
Figure 5-11.  Simultaneous NO oxidation and Hg adsorption with large carbon mass (250 
mg) and low mercury concentration (24 μg/m3).  Gas residence time in the carbon bed is on 
the order of 0.2 sec. 
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Figure 5-12.  NO, NO2, and NOx effluent profiles during NO oxidation experiment in the 
presence of 24 μg/m3 of Hg. 
 
 NO oxidation results are consistent with results presented earlier for sulfuric acid treated 
activated carbon fiber cloth, despite the added presence of mercury in the flue gas stream and 
subsequently adsorbed to the carbon (see Section 3.3.8 for comparison).  Steady-state NO 
oxidation efficiency is slightly larger than 50%, and this steady performance is achieved at a 
rapid pace (< 15 h).  NO2 desorption is noted almost immediately, which is an improvement 
compared to experiments without mercury that required about 2 h to initially desorb and measure 
a significant amount of NO2.   
Simultaneously with oxidation of NO, mercury is adsorbed from the gas stream with over 
98% removal efficiency.  There is no decrease in adsorption performance as additional time 
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passes, indicating that NO oxidation and any impacts it has on the carbon’s surface chemistry 
does not improve or disrupt adsorption of mercury.   
These results support that the low concentration mercury in the gas stream has no 
observable impacts on NO oxidation, indicating that multiple pollutant control, at least under the 
simple conditions tested here, is possible using this prepared carbon material.  Two possible 
explanations explain this result.  First, the high carbon mass and low Hg concentration indicates 
that only a fraction of the carbon’s micropores are occupied by mercury, even at the conclusion 
of the nearly 40 h long experiment (saturation is not achieved based on Figure 5-11).  This could 
indicate that the amount of adsorbed Hg is not significant enough to impact NO oxidation, which 
also requires micropores.  It is worth nothing that 24 μg/m3 of mercury in the inlet gas stream is 
already considered high compared to actual flue gas concentrations and 40 h far exceeds the 
expected residence time of a carbon injected into a flue gas stream and collected on a 
downstream bag house filter.  Furthermore, additional carbon mass should be used in a real 
scenario to increase NO conversion efficiencies.  As such, it appears that pore filling via Hg 
adsorption is not expected to have any impact on NO oxidation, even under realistic conditions.  
The second possible explanation is that those pores that are most active for adsorption of 
mercury may be different than those pores that are active for NO oxidation.  Select pore widths 
may be preferred for adsorbing low concentration Hg compared to those 0.5 to 0.7 nm pores that 
are most relevant for NO oxidation.  These preliminary results are encouraging and indicate that 
simultaneous NO oxidation with mercury adsorption may be possible and is worth pursuing in 
more detail. 
To better understand the role of mercury in the NO oxidation reactions, efforts were 
made to come closer to carbon saturation via mercury adsorption compared to the tests described 
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in Figures 5-11 and 5-12.  For this experiment, 100 mg of ACFC10-SO3H (180C) was used 
(compared to 250 mg for the previous test).  Furthermore, 180 μg/m3 of mercury (compared to 
24 μg/m3 for the previous test) was injected into the gas stream.  Combined, the lower carbon 
mass and increased mercury concentration is expected to increase carbon’s pore filling by nearly 
20 times, assuming similar Hg removal efficiencies for the two tests.  Figure 5-13 describes 
results for NO oxidation efficiency and Hg removal efficiency, and Figure 5-14 describes 
NO/NO2/NOx effluent profiles during the experiment. 
 
 
Figure 5-13.  Simultaneous NO oxidation and Hg adsorption with low carbon mass (100 
mg) and high mercury concentration (180 μg/m3).
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Figure 5-14.  NO, NO2, and NOx effluent profiles during NO oxidation experiment in the 
presence of 180 μg/m3 of Hg. 
 
 Since less carbon mass is used for this experiment and the inlet NO concentration was 
slightly lower (300 ppmv), the overall NO oxidation efficiency at steady-state is expected to be 
lower than the previous experiments, as seen in Figures 5-13 and 5-14.  Other researchers have 
thoroughly described this dependence of oxidation efficiency on gas hourly space velocity and 
NO concentration [51].  Steady-state NO oxidation efficiency is 33% for this experiment.  
Similarly, steady-state NO oxidation is achieved after slightly more than 5 h, which is again 
attributed to the smaller amount of carbon in the system.  NO2 desorption occurs more rapidly 
under this set of experimental conditions than in any of the other tests. 
Similar to previous results, mercury removal efficiency exceeds 98% for the majority of 
this experiment, again indicating that NO oxidation has no impact on Hg adsorption by activated 
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carbon.  Again, these results support that simultaneous control of Hg and NO (via oxidation to 
NO2) is possible, especially because the mercury concentration used for this test was at least 1 
order of magnitude larger than what would be present in a real flue gas stream. 
Similar to the NO oxidation tests described earlier, it is important to attempt these Hg/NO 
experiments under conditions that more closely represent an actual flue gas stream.  Figure 5-15, 
therefore, describes NO oxidation in a simple gas stream (NO, O2, N2), followed by the addition 
of moderate concentration Hg (96 μg/m3), and the subsequent addition of SO2 (200 ppmv).  As 
best as reasonably possible, the total gas flow rate was maintained at 1 SLPM, so when Hg and 
SO2 were added to the system, the flow rate of dilution N2 was decreased to maintain a constant 
flow.  100 mg of ACFC10-SO3H (180C) was used for this test. 
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Figure 5-15.  NO oxidation by ACFC10-SO3H(180C) with subsequent additions of Hg and SO2.
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 In the initial portion of the experiment, steady-state NO oxidation is rapidly achieved due 
to the low mass of carbon used in the test.  Conversion efficiency at steady-state (20%) is slightly 
lower than the previous experiment (33%), possibly due to the lower inlet NOx concentration.  
Once steady-state is achieved, 96 μg/m3 Hg is added to the system.  The NO oxidation efficiency 
improves slightly after the addition of Hg, but this may be due to a small decrease in the total 
flow rate of the system.  Flow rates were controlled by rotameter, so fluctuations are expected 
when adding and subtracting gases from the system.  Most importantly, however, the system is 
able to maintain steady conversion of NO to NO2 even after the addition of Hg.  Similar to 
experiments without mercury, the addition of low concentration SO2 destroys the NO oxidation 
capabilities of the carbon catalyst.  Shortly after the addition of SO2, there is a spike in the NOx 
concentration, indicating that SO2 is displacing adsorbed NOx species in the carbon’s pores 
(similar to what was described in Chapter 3), and the NO oxidation efficiency then quickly drops 
to zero.  This is consistent with the NO-only tests described earlier.  There is no indication that 
Hg desorbs from the carbon as a result of SO2 in the gas stream, and the additional gas 
component does not impact the carbon’s Hg adsorption performance.  Nearly complete 
adsorption of Hg occurs throughout the experiment.  While the results are positive regarding the 
relationship between NO oxidation and mercury, these tests once again confirm the difficulties in 
extending NO oxidation tests to realistic flue gas scenarios.  Clearly, additional work is needed 
to prepare tailored materials that can be extended to more realistic flue gas scenarios (i.e., take 
into consideration water vapor, SO2, and increased temperatures). 
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5.3.3.2 Simultaneous PCDD/F Control with NO Oxidation 
 
 Experiments investigating PCDD/F species are inherently difficult owing to the 
excessively low PCDD/F concentrations and their excessively high toxicity levels.  By adding 
NOx species to the gas mixture and a continuous NOx detector, experiments become more 
difficult.  In attempting to simultaneously oxidize NO to NO2 while adsorbing PCDD/F, the 
following observations were made: 
 
1. Non-catalytic reduction of NO resulting in a partial loss of NOx before the gas reaches 
the fixed carbon bed.  It is hypothesized that hexane combustion byproducts, possibly 
including CO and H2, function as reducing agents in the reduction of NO in the high 
temperature (550 
o
C) furnace.  Such a finding is consistent with the literature [52].  While 
confirming such a hypothesis was beyond the scope of this project, it is important to note 
this complication to highlight the difficulties in reactor construction for multiple pollutant 
control. 
2. XAD-2 resins react with or adsorb NO2 [40].  Initial experiments showed a significant 
decrease in the NO concentration but did not highlight the expected formation of NO2 due 
to carbon-catalyzed NO oxidation.  The literature indicates the reactivity of XAD-2 resins 
with gas phase NO2, providing a potential cause for NO2 loss.  As such, the reactor was 
modified to include a downstream chiller instead of the XAD-2 resin to adsorb PCDD/F 
species that breakthrough the reactor.  Again, this information is noted to describe the 
difficulty in performing multiple contaminant control studies. 
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3. 50 oC is an acceptable reactor temperature for NO oxidation studies, but it allows for the 
condensation of PCDD/F species before they reach the carbon bed or upstream XAD-2 
resin.  This prevented completion of any mass balances for this set of tests, making it 
impossible to quantify adsorption or destruction of PCDD/F species during multi-
pollutant control tests. 
 
These particular problems were addressed as best as possible and experiments were completed to 
understand NO oxidation in the presence of PCDD/F species (Figure 5-16). 
 
 
Figure 5-16.  Empty-bed testing investigating the impacts of hexane injection when NO is 
added upstream of the 550 
o
C furnace. 
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For this particular test, steady-state NO oxidation efficiency is lower than described in 
previous experiments that utilized 250 mg of carbon catalyst, even before the injection of 
PCDD/F species.  For these experiments, increased gas flow rates (1 SLPM through the carbon 
bed compared to NO oxidation tests that used 0.1 SLPM) were used to facilitate PCDD/F 
injection.  The increased gas hourly space velocity results in a drop in NO oxidation efficiency, 
stabilizing at 20% conversion efficiency.  Presumably, this initial efficiency could be improved 
by increasing the mass of carbon or decreasing the total gas flow rate.   
Upon injection of PCDD/F species, there is a brief decrease (for about 15 min) in the 
overall oxidation efficiency for NO, but then the conversion efficiency quickly returns to 20%, 
which is an encouraging result.  The system is notably less stable during trace contaminant 
injection, especially at the start and conclusion of the 2 h injection period.  It is assumed that this 
is due to small fluctuations in the injection rate, and, in particular, a problematic air bubble that 
forms in the syringe and impacts hexane injection as the syringe is nearly empty.  Nevertheless, 
the general stability of NOx concentrations before, during, and after PCDD/F injection are 
encouraging and indicative of a system that can potentially sustain multiple contaminant control.  
The presence and possible adsorption of PCDD/F species is not impacting NO oxidation for the 
conditions tested here. 
 While NO oxidation results are encouraging, PCDD/F removal data indicates that 
additional work is needed to develop the reactor system further.  Steady and consistent PCDD/F 
concentrations could not be obtained, indicating that unknown variables were resulting in 
changes in the inlet (and possibly the outlet) concentration of PCDD/F.  One possible reason for 
the inconsistencies is unknown reactions between inlet NO, O2, PCDD/F, and hexane 
combustion products that has not been previously described.  Another possibility is that the low 
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carbon bed temperature (50 
o
C) causes PCDD/F condensation before the contaminant reaches the 
carbon bed, resulting in inconsistent inlet concentration measurements in the upstream XAD-2 
bed compared to the carbon bed.  Unfortunately, these circumstances make it impossible to 
quantify the PCDD/F removal efficiency for the experiment described in Figure 5-16.  
Additional work is needed to make such a complicated reactor system a reality for determining 
the potential use of carbon materials for multiple pollutant control. 
  
5.4 Summary and Conclusions 
 
 In developing carbon-based adsorbents to be used in multiple contaminant control 
applications, it is important to understand the role of the carbon for controlling each contaminant 
individually.  Previous work for NO oxidation showed that carbons with oxygen functional 
groups and acidity improved conversion efficiencies.  In this work, for control of PCDD/F 
emissions, carbons treated with hydrogen, oxygen, nitrogen, bromine, and sulfur are able to 
sufficiently adsorb and prevent emissions of PCDD/F.  However, materials with O, N, Br, or S 
functional groups also caused PCDD/F destruction, and sulfur functional groups are shown to be 
especially effective.  For controlling mercury emissions from a simulated flue gas stream, sulfur 
functional groups also proved to be most effective, leading to high adsorption capacities and 
improved breakthrough curves.  It is encouraging that similar functional groups were effective 
for controlling both PCDD/F through adsorption and destruction and mercury though adsorption.  
This result indicates that sulfur treated carbons may be capable of simultaneously controlling Hg 
and PCDD/F.  Preliminary multiple pollutant control experiments focusing on NO oxidation with 
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trace contaminant control describe the potential for such systems to be effective, but stress the 
need for improved reactors and additional testing.   
 
5.5 Unique Contributions to the Field Directly Resulting from these Studies 
 
 The following additions to the field were a direct result of the work performed in this 
dissertation section: 
 
 Corroborated studies available in the literature indicating that microporous carbon 
impregnated with sulfur functional groups is effective for Hg control. 
 Provided the first data showing adsorptive destruction of PCDD/F in the presence of 
chemically functionalized activated carbons [53].  These data further suggest that 
preferred carbons for destruction of PCDD/F include micropores and sulfur functional 
groups. 
 Provided preliminary data highlighting the potential for multiple contaminant control 
using carbonaceous materials.  In particular, results indicate that the added presence of 
Hg or PCDD/F has little impact on NO oxidation catalyzed by porous carbon materials.  
These results exploit carbon’s versatility by using carbon, simultaneously, as a catalyst 
for NO oxidation and an adsorbent for Hg or PCDD/F. 
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5.6 Recommendations for Future Work 
 
 This section is intended to provide justification for additional experiments investigating 
multiple pollutant control.  In particular, the following projects are recommended based on the 
work presented in this dissertation. 
 
 Reactors should be developed that allow for bench-scale testing of PCDD/F in the 
presence of other gas phase contaminants, especially H2O and SO2. 
 Novel results showed adsorptive destruction of PCDD/F, possibly following a 
dechlorination mechanism, using functionalized carbons.  More effort should be focused 
on understanding this mechanism and the reasons why destruction is only promoted in 
the presence of specified functional groups.  It should also be determined whether or not 
the process is catalytic.  
 Reactors should be developed that allow for simultaneous NO, Hg, and PCDD/F testing, 
especially because of the similar characteristic properties of carbon materials used to 
control these contaminants. 
 Hydrophobic carbons should be developed that contain the desired properties of multi-
pollutant control materials.  As noted for NO oxidation tests, the hydrophilic nature of the 
materials prepared here could be problematic in realistic applications.  
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Chapter 6:  Research Summary and Contributions 
 
6.1 Major Contributions from this Research Program 
 
 In this dissertation, I sought to exploit the versatility of carbon by investigating tailored 
materials for air pollution control.  Specifically, I prepared, characterized, and applied carbon as 
an adsorbent (toxic industrial chemicals, mercury), a direct catalyst (NO oxidation), a possible 
chemical reactant (PCDD/F destruction), and a catalyst support (carbons prepared by ultrasonic 
spray pyrolysis).  Carbons were then prepared and used for simultaneous control of multiple 
pollutants, taking advantage of these different applications for carbon in an effort to describe a 
lower cost method for preventing emissions of trace contaminants.  My most significant 
contributions to the literature are described below. 
 
6.1.1 Ultrasonic Spray Pyrolysis (USP) for Preparation of Iron-Impregnated Carbon 
Spheres 
 
The production method for synthesizing high surface area porous carbon impregnated 
with iron oxide nanoparticles was simplified from four distinct steps to a single step, continuous 
process.  USP carbons are unique in that they have high surface area, well-dispersed metal 
nanoparticles, and the potential for high total metal loadings (up to 35 wt %).  These materials 
have been described as “a potentially high-performance catalyst for the [Fischer-Tropsch 
Synthesis] reaction,” while the developed USP process has, on multiple occasions, been 
described as “pioneering” [1-3].  Future research endeavors should explore the full capabilities of 
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the USP system for preparing tailored carbon supported catalysts and identify environmental and 
energy-related applications in which the USP carbons are practical. 
 
6.1.2 NO Oxidation by Catalytic Carbon Materials 
 
The impact of carbon’s physical and chemical properties on the NO oxidation reaction 
mechanism was fundamentally investigated and thoroughly described using NO oxidation cycle 
experiments.  Specifically, my work has indicated that the physical properties of carbon 
exclusively impact the oxidation efficiency of the material, while the chemical properties control 
the time necessary to achieve steady-state NO oxidation.  I described the preferred carbon-based 
NO oxidation catalyst as having narrow micropores (0.5 – 0.7 nm), acidic functional groups, and 
oxygen surface functionalities to allow for high conversion efficiencies as quickly as possible.  I 
also contributed to the development of an updated NO oxidation reaction mechanism that 
highlights the importance of surface reactions between formed NO2 and the reducing carbon 
surface.  This mechanism is drastically different than what has previously been reported in the 
literature because it does not rely on the formation of adsorbed intermediates.  Additional work is 
needed to extend my fundamental results to realistic flue gas conditions, in an effort to develop 
commercial carbon catalysts that can be used for NO oxidation. 
 
6.1.3 Adsorption of Toxic Industrial Chemicals by a Novel Electrospun Activated Carbon 
Fiber Cloth 
 
My work characterized the physical and chemical properties of a novel, commercially 
available activated carbon fiber cloth, and related these properties to the unique adsorption 
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performance of the material.  Specifically, I identified basic nitrogen functional groups on the 
surface of the material and a pore structure that includes narrow micropores.  The basicity 
associated with the nitrogen groups affords the carbon a high capacity for acid gases, including 
hydrogen cyanide and sulfur dioxide.  Narrow micropores allow the unique carbon to strongly 
adsorb even low concentrations of contaminants, while a relatively low micropore volume limits 
its contaminant capacity at high concentrations.  Additional research is needed to provide 
increased structural strength to the carbon fibers.   
 
6.1.4 Adsorptive Destruction of PCDD/F by Surface-Functionalized Activated Carbon 
Fibers 
 
Prior to my work, researchers described generation of additional polychlorinated 
dibenzo-p-dioxin and dibenzofuran when the species were adsorbed by activated carbon.  I 
investigated this phenomenon and confirmed that hydrogen-treated carbon can, in fact, cause 
generation of additional PCDD/F.  This result was consistent for both microporous and 
mesoporous activated carbons.  Additionally, however, I showed that carbons functionalized 
with oxygen, bromine, nitrogen, or sulfur functional groups not only prevent PCDD/F 
breakthrough, but also partially destroy adsorbed PCDD/F.  The destruction mechanism is 
believed to proceed through dechlorination steps, and carbon treated with sulfur showed the 
highest PCDD/F destruction efficiencies, destroying nearly 30% of inlet PCDD/F.  This is an 
exciting result when considering the use of sulfur-treated carbon in activated carbon injection 
systems used at power plants for mercury control.  The potential for simultaneous mercury 
adsorption and PCDD/F adsorption/destruction is high, and future research efforts should be 
placed on identifying the use of activated carbon injection for multiple pollutant control. 
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6.1.5 Simultaneous NO Oxidation and Trace Contaminant Control by Catalytic and 
Adsorptive Activated Carbons 
 
My work introduces the possibility of using activated carbon for simultaneous control of 
NO (via oxidation to NO2) and PCDD/F (via adsorption and/or destruction) or Hg (via 
adsorption).  I attempt to exploit carbon’s adsorptive and catalytic properties by using it to 
simultaneously control multiple contaminants.  The results indicate that controlling the trace 
contaminants has little impact on the NO oxidation efficiency, an encouraging result that can 
spark future research endeavors.  These studies also highlight the importance of extending the 
lab scale results to realistic flue gas streams. 
 
6.2 Expanding Results to Realistic Conditions 
 
 Table 6-1 describes the reaction conditions tested as a part of this dissertation and the 
necessary improvements to attain realistic flue gas conditions.  Note that realistic conditions 
should not be tested before the relevant reactions and their potential impacts are understood.  
This work focused on understanding conditions in simple gas streams and I expect that future 
researchers will extend these results to more realistic scenarios.  Areas that require particular 
attention are increasing reaction temperatures, investigating and minimizing the impacts of water 
and SO2, and decreasing the necessary carbon mass to gas flow rate ratios.  It would also be 
beneficial to describe how the carbon functions in a fluidized bed reactor that better simulates the 
activated carbon injection process.  For PCDD/F experiments, the impacts of an added chlorine 
source (i.e., HCl) on adsorptive destruction should be quantified. 
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Table 6-1.  Description of tested conditions for single contaminant control compared to 
approximate realistic flue gas conditions.  
Experiment Tested Conditions Realistic Conditions 
NO Oxidation 
 400 ppmv NO 
 10 vol % O2 
 3 vol % H2O   
 100 ppmv SO2                             
 50 oC 
 Fixed Bed Reactor 
 250 mg C used to attain a     
150 kg-sec/m
3
 W/F 
 100 – 500 ppmv NO 
 7 – 10 vol % O2 
 10 vol % H2O  
 100 – 2000 ppmv SO2 
 100 – 150 oC 
 Injected Carbon/Filter Cake 
 150,000 kg C needed to 
maintain the same W/F 
*
 
Hg Adsorption 
 Simulated Flue Gas 
 6 vol % O2 
 10 vol % H2O 
 200 ppmv SO2 
 10 – 200 μg/m3 Hg0 
 150 oC 
 Fixed Bed Reactor 
 10 mg C used to attain a       
0.6 kg-sec/m
3
 W/F 
 Flue Gas 
 7 – 10 vol % O2 
 10 vol % H2O 
 100 – 2000 ppmv SO2 
 10 μg/m3 Hg0 
 100 – 200 oC 
 Injected Carbon 
 600 kg C needed to     
maintain the same W/F 
*
 
PCDD/F Adsorptive Destruction 
 7 – 8 vol % O2 
 No Water Source 
 No Sulfur Source 
 No Chlorine Source 
 15 ng  I-TEQ/Nm3 PCDD/F 
 200 oC 
 Fixed Bed Reactor 
 293 mg C used to attain a      
18 kg-sec/m
3
 W/F 
 7 – 10 vol % O2 
 10 vol % H2O 
 100 – 2000 ppmv SO2 
 < 1 vol % HCl 
 < 15 ng I-TEQ/Nm3 (variable) 
 100 – 200 oC 
 Injected or Fixed Bed Carbon 
 18,000 kg C needed to 
maintain the same W/F 
*
 
*
 Calculations assume a 1000 m
3
/sec gas flow rate 
 
6.3 Generalizing Carbon Selection Criteria 
 
 This research described the importance of carbon’s physical and chemical properties for 
controlling several different gas phase contaminants, including NO/NO2, HCN, SO2, butane, 
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ethane, PCDD/F, and Hg.  This research highlights two particular carbon properties as being 
important to first consider when selecting a carbon material as an adsorbent, surface pH and pore 
size distribution. 
 First, this research highlighted the importance of surface acidity/basicity for controlling 
gases through adsorption.  In particular, basic carbons were shown to improve adsorption of acid 
or acid producing gases like HCN and SO2.  Furthermore, acidic carbons were shown to improve 
desorption of NO2.  Adsorption of neutral compounds, like butane and ethane, shows little 
dependence on the carbon’s pHPZC.  When selecting an adsorbent carbon material, therefore, it is 
important to understand the acid/base properties of not only the contaminant being controlled, 
but also the carbons being considered.  Using a basic carbon can increase acid gas adsorption, 
while using an acidic carbon can increase basic gas adsorption.  This observation is consistent 
with the literature, but I hope that the results in this dissertation highlight the importance of the 
carbon’s surface chemistry.  
 Second, it is important to have an understanding of the molecular size of the contaminant 
being controlled so that relevant pore widths are available in the selected adsorbent carbon.  This 
research showed a very narrow width of pores (0.5 – 0.7 nm) as being active for adsorption and 
catalytic oxidation of NO.  A small increase in the average pore width (from 0.67 to 0.95 nm) 
caused a notable drop in catalytic activity (from 56% to 45% conversion efficiency) despite a 
nearly 100% increase in pore volume.  Similarly, large width contaminants, like PCDD/F, may 
benefit from a mesoporous component that allows the contaminant to enter the pore in a 
horizontal or vertical arrangement.  It follows, then, that a careful investigation into the pore size 
distribution of a carbon adsorbent should precede any efforts at adsorption of a given 
contaminant.  
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